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PREFACE 

This book was orlginafiy written to assist students 
preparing for the Intermediate B.Sc. and First M.B. 
examinations of jbhe Victoria Univejpsity ; but the 
requirements of these examinations are so nearly 
identical with*thos^ of other Universities, and the 
* courses of Pra^tic^ Physics given in PulTlic, Technical, 
and^other Schools, cover so nearly the same ground, 
that^it is hoped it will ^rove useful to a wider circle of 
students. 

The term Intermediate in the titie of the book, has 
been used to indicate that its standard is higjter than * 
that of the Elementary Text Books; but it is by^^o 

means essenliial that* students should have worked 

* • * * • 

•through an elementary book in order to perform the 

exercises described in this volunae. 

The book is in the main, a reprint of the papers of 
insthictions which hyve beem issued to the students of 
the Owens College during the last^ve years^ 
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In order that a fetrge class might be taught simul- 
taneously, it was necesj^ary that the expdanations should 
contain sufficient detail to allow each student •to do hia 
work* without individual supervision ; but, at the sam§ 
time, we had to guard against the^ danger ofrgiving 
such minute* instructions as wouU allow a ftudent to 

c 

perform an experiment and obtain results in Ci me- 

• ^ 

chanical manner, and without a |)roper understanding 
of what he was doing. 

The experiments have been performed each year by 

nearly a hundred students, and have been altered until 
€ 

experience has shown that the explanations given were 
sufficient, arid that good results poul^ be obtained,* 
although the apparatus was in each case reduce^ to its 
simplest form. • * 

The exercises hawe been designed in such a way that 
it is not necessaiy to use apparatus identical with that 
described in the book. To some extent the educational 
vj^ue of the book would be increased, if the instru- 
ments used differed from those ImentioneS in the text 

• • • t 

so that the students might have to exercise a little int 
genuity in varying theiexperimenb to suit the apparatus 
supplied. Much must* however depend on the available 
teaching power. If jone* teacSef has# to sujjervi?je a 
gf^t number of s^budents, he will probably find it 
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advantageousito follow the book pretty closely, and to 

• work with appa^tus not differing materially from that 

described. • 

• •• ^ 

A complete set of Apjgaratus, details of which will 

fie found on p. 237 of the Appendix, may be obtained 
for about 5613, andrftve or six sets will be sufficient for 
classed of thirty students. 

The course has been sftrange'd so that tin average 
student may pass through it in about thirty lessons of 

two hours each. It is divided into sections, some of 

• • 

which are purely explanatory ; the great majority of the 
remainder can each be worked through in one lesson. 

• Many back^rard students may with advantage omit 

some*of the sections which are more advanced than the 
• - • 
rest,^and on the other hand, those who already hUve 

some elementary knowledge of Practical Mechanics, 

may omit some of the easier exercises in Part II. 

Experience has led us to attach the greatest imporJb-« 

ance to the proper keeping of note-books * by • the 

students, arni to enstire this the books should be 

examined from fime»to time. Tfie teadher should also 

« • 

keep such a record of the work (^one, as will enable him 
to see at a glflnce how each student is progressing. The 
Appendix contains a^dfescription of the method we have 
adopted to secure this end. 
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intermepia™ 

COURSE OF PRACTICAL PHYSICS 

FAUT I.—FBELIMINAllY' 

SECTION I 

General Instructions 

The exercises in this volume are intended to train the 
student’s ^faculties of observation, and to impress upon his 
memory some of the more important IflTws of Physics, 
•which are treated in a more abstract manner in lectures and 
text-books. Laboratory practice is now generally recog- 
nised as an essential part of scientific instruction, -but* 
the educational value of experimental work depends en«ft> 
tirely on 'the caiip which i| bestowed upon it, and the 

trouble which is take^ to secure accurate results. 

• 

Redd cwrefiilly through the instructions , — To perform 
an experiment successfully, it is essential in^the fii'st place 
to have a clear iderf of its object. Students should there- 
fore, before beginning an experiment, read carefulk| 
through* thei instru^ions I and explanations which are 
given in the section devotpd to it. It is ^nly whei# they 
have realised pearly whoj^ measurements they are to make, 

B 2 
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and how these fheasurements are to be treated, that they 
are ready to begin. 

p 

Note-hook^f observations and calculations.-^lStWQrj obser- 
fation should be written down at once, and exactly in the 
form in which it is taken. For this purpose a note^book 
should Ije kept, and the observati^^ns entered in it in such 
a way, that at any future time the meaniiJJy of each entry 
will be perfectly clear. It is of the greatest importance 
that all note-books*should be kqpt in good order. 

Arithmetical calculations . — It will eventually save time 
if the arithmetical work is also written down in detail 
as it 'occuls, so that each step may be checked, and 
errors of arithmetic more easily traced. It is necessary 
both in the observations and calculations, that tLe work 
should sl^ow all tlie figures obt«Cined, even if the last figure 
is zero. Thus a length may hav^> to l^e measured in centi- 
metres to tbe nearest millimetre; if 31 millftnetres is 
foundjUt is put down as 3’1 centimetres, arid if 40 milli- 
metres is found, it should be^put down as 4*0 centimetres 
and not as 4 only. The two numbers 13*7 and 13*700 do 
not mean the same thing, when put down as the result of 
an experiment. The former implies that the result 
has been obtained to three significant figures, and that no 
attempt has been made to determine the fourth, while the 
latter implies that the result has been obtained to five 
figures and that ^the two last figures nave been found to 
be zero. c 

p 

Note-hook of Results. — In addition to the book of 
observations and calculations, each sti$dent should be pro- 
vided with a note-book in which the apparatus used in 
any particular exercisef and tlfe theery of tfce ex^riment, 
should be briej0y but clearly , described and illustrated 
by diagrams, and the result cot the experiments stated. 
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Students find that the labour spe^ on this part 
of* the woik will be amply repaid. .Not only will they 
• more easily remember what they have done, but a future 
revision of th® work will be an easy task, if thojr note-books 
are kept in good order. It is convenient if every alterna^ 
pagc^of this book is ruled in squares. 

t • 

, Avoid large errors . — fn their endeavour to secure good re- 
sults, beginners often concentrate too much of their attention 
on some detail of the work, negl feting io bestow sufficient 
care on what to them sedins easy. Thus in reading a 
thermometer and estimating tenths of a degree, it often 
happens that the whole degrees are read off carelessly and 
incorrectly, or in measiy^ng a length attention isjmid to 
the millimetre, and mistakes are made in the number of 
centimetres. Such errors may with a little cure be avoided. 

• , , ^ • * 

Subdivision by e§e estimate , — In making a measurement 
we musiy ^ften obtain the last figure by ^“estimation.” 
Thus if •a length is measured on a scale divided into < 
millimetres, the scale shows* directly between which two 
millimetres the length must lie ; but in mqgt cases that is^ 
not sufficient. Thus in Fig. 1 it is seen at once that the 


01 2345678 
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length AB is larger than 5 but smaller than 6, divisions 
of the scale which is drawn above it. Everyone will also 
see at ‘once, that the end B lies nearer to 5 than to 6 on 
the scal^, bu# some nlay beldoubtffll Aether AB overlaps 
5 by more or less thati a .quarter of a derision. Affter a 
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little practice, tliat doubt disappears, and students will be 
able to estimate almost with certainty to a tentli ofc a 
division, and put down 5*3 as the required length. 

• . . . ^ 

^ Parallax — A source of error which is liable to render 

many physical measurements inaccurate, may her^* be 

noticed. Supposing the hmgth of a vertical* tod is to be 

measured on a vertical scale with Wliich it cannot be placed 
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4n cbntact. Fig. 2 will show at once, that unless the eye 
^ so placed that the line of vision is horizontal, an error in 
the measurement will occur. ^The word ^ parallax ” means 
“ angle,” and the tv^ord has come to* be used specially for 
the angle formed between two lines o4 sight suqh as those 
indicated by the dotted lines in the figure. As the error 
committed in reading the scale, depends on that angle, 
the error is said to l)e due to “parallax.” To avoid it, .wo 
must have some mq^ns^ of caiuiing the line ^ of Sight to 
be horizontal — i.e. perpendicular to the scale. A® useful 
device often employed in these^ exercises is illustrated in 
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Fig. 3. The scale is etched on the front surface of a plate 
o^glfl-ss, the back of which is silvered so as to act as a 
mirror. It will be shown in Sec. XXII. that a line 
joining an object and its image in a plane mirror, cuts the* 
latter necessarily at right angles. Hence if •the eye is so 
placed that the end of the rod to be measured and ift? 
image just^6ver each other, the right position for the eye 
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has been found. When tlje scale can be brought near 
to the object to be measured, it is sometimes found 
more convenient to adjust the position of the eye until the 
image of the eye {i.e. the image of the centre of the 
pupil) covers the point of the object to b*e measured. In 
this case also, the line of vision will be at right angles t(j 
the scale. 

Accidental and systematic errors. — 1/ an experiment is 
repeated, the resulj obtained is not always the same, 
since even when large errors havg been successfully 
avoided, small deferences called accidental errors still 
occur owing to the imperfection of our senses or appara- 
tus, or«to some disturbing influence which has produced 
some unintentional chan;^ in the ajj^aratus or conditions. 
Hence it is generally advisable to repeal all observations,* 
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c « 

the arithmetical mean of the results obtained in different 
experiments beAg probably more correct tha^‘ any onre 
result by itself. But no general rule can be given as to 
?iow far it is advisable to continue repeating observations. 
There are ce?k*tain errors called systematic errors , which 
afe not got rid of by any number of repetitions ; thus if 
a centimetre rule is not correct, a length m^asurerf by 
means of ^ it will be wrong by a certain amount, however 
often the measurement is repeated. It will* clearjy be use- 
less to diminish “ accidental errors ” beyond the limit at 
which we have reason to tliink systematic errors” begin. 

Eepetition of ohsei'vations . — As it is often one of the 
most difficult problems of experimental work to determine 
the relative ilnportance of systemafSc and accidental errors, 
each exercise will contain instructions when a repetition of 
observations seems necessary ; but students should under- 
stand th&tj according to the accuVacy of the result tv^hicL 
is required, it may sometimes be ^lecessary to repeat tlbe 
observations more often than they are asked to Jo, and in 
other cases, where instructions are given to*" ref)eat an 
experiment, a single one may be sufficient if only* a rough 
result is requireck What is aimed at in this book is a 
fair result, so far as the apparatus used allows it to be 
obtained without* exceptional skill or trouble. 

By trying in the first instance to understand the reason 
^r these instructions, and by following in other cases the 
advice given them by their teachers, students will gradually 
gain sufficient expe^ence to be able to exercise their own 
judgment in the disposition and conduct of an experiment. 
The training of that judgment is one of the •principal 
objects of a course of Practical Physics.^ 



SECTION II 
Arithmetical Calculations 

The arithmetical calculations which occur in physical 
work can often be shortened by methods 'N^^hich * students 
will find it advisable to practise. The most useful of these 
methods is the process called shortened multiplication, 
•which may be applied when the product of t\^o numbers 
is reqtjjrpd within certain limits of accuracy only, Thus 
let a diameter of a circle be measured with a centimetre 
scale, and* its length found to be 2*14 cms. We shall* 
assume *that the i csult is correct to the nearest millimetre, 
but that different measurements result in slightly different 
values, showing that there may be an error in the measure- 
ment amounting to *01 cm., or to one* half per cent, of 
the length measured. If the student is required to palcjj- 
late the circumference of the circle from the measuijgd 
diameter, he wil^ have to multiply 2*14 by 7 r = 3*14159, but 
however many figures in tt he takes into account, nothing 
can alter the fact that bis result will bo wrong by one half 
per cen^I, if the diameter is measi^ed wrongly to that 
extent. It follows that it will bo justifiable to neglect all 
figures of tt after the third, and to multiply therefore 2*14 
by 3*14. These two numbers multiplied together give 
6*71 add the possible error* wifich it is known may 
affect the result, renders the second decimal place dbubtfuk 
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The third and foi^pth decimal places are m)t only doubtful, 
but they possess no value at all, the chances agaijist thei^;’ 
being correct being exceedingly great. Hence to include 
tfiem woujd not only give no additional accuracy, but would 
be absolutely misleading. It would save time therefore, 
without any diminution of accuracy, if we could obtain ^le 
first three figures of the above product withoti# the last 
two, and this we are able to do liy means/of shortened 
multiplication, which we now proceed to explain. • 

Suppose that it is^ required to multiply 7239 by 5826, 
and that*it is known beforehand, ^hat owing to the possible 
errors in these numbers, it is useless to find the result to 
more than four figures. The customary form of multipli- 
cation would be : — 

* 7239 

5826 

43434 

14478 

57912 

36195 

42174414 

It would be just as simple, however, to begin by 
multiplying by tha first figure on the left-hand side of the 
multiplier — in this case 5. This would be better in all 
cAses,* because the most important part of the result would 
be obtained first. The work would now run as follows : 

7239 

5826 

36195 
57912 
144 78 
43434 

« 

42174414 
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• 

If the result is Vanted to five figures /)nly, everything 
liiat stands on the right-hand side of the vertical line 
drawn above, is useless and need not be written down. 
Thus the r^ile for shortened multiplication will be : — 
Begin multiplying by the left-hand figure of the multiplier, 
writing out the product completely. Next take the second 
figure of the multiplier^ but in the calculation omit to take 
any notice of^he right-hand figure of the multiplicand, and 
place the first figure of the product directly underneath 
the right-hand figure of the ^st Ijne. Next take the 
third figure from the left* of the multiplier, and coinmence 
with the third figure from the right of the multiplicand, 
and so on. It will help the beginner, in practising this 
form of multiplication, to make a stroke, through the 
figures of the multiplicand as they are no longer required 
The successive steps of the calculation will be as follows : 


7239 

723S| 

72>^f^ 


^6^26 . 

5866 

5826 

5826 

«619S 

36195 

36195 

’ 36195 


6784 

5784 

6784 



144 

144 




42 




42165 


The line through the 9 of the multiplicand is drawn ewhop 
the multiplication by the 5 is performed, in order tto 
indicate that ift multiplying by 8, it should no longer 
be taken into account, and as suocessive products are 
formed Jbhe successive ’figures of the multiplicand are 
struck out. In the final result th% last figure may be 
inaccurate by a few units, as will be seen by comparing 
the above example with the complete calculation. The 
last figure js therefere omitted iy writing down the result, 
but i# it is 5 or greatef than 5, tte next figure on the 
left is increased by 1. * 
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Multiply by sl^rtened multiplication : * 

2587 X 6235 
4921 X 3857 
8467 X 1304 
85928 X 6005 

« 

The accuracy of the last figure Qbtained jn *shortened 
multiplicaSion, may be improved by perforfiiing mentally 
the multiplications to one more figure than is required ; 
that is ^beginning iit each •case with the figure last struck 
out, and including in the first figure written down, the 
number which is ** carried.” 

In the following examples multiplication is performed 
on the left hafxd side, by the process previously described, 
while on the right, the numbers carried over are taken 
into consideratioh. 


568 

, 568 

464 

464 

2272 

2272 

336 

^ 341 

20 

22 

2628 

2635 


TJie complete result is 263552, and it is seen that a 
material advantage has been gained by the improved pro- 
cess. But students should not Jbry to appl^ this method of 
obtaining increased taccuracy before they have become 
thoroughly familiar with the siraplfcr pr 9 cess. 

Division may be sl^ortened in a similar manner. 

The following example will explq^n the method. 
S^dents should write out the division in the ordinary 
way, and compare the complete and shortened forms^ 
Divide 7925 by 2^3,* the result to be correct t® four 
figures. ^ 
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Shortened form : 

2693 ) 7925 ( 29429 
5386 

25390 

24237 

1153 

1076 

77 

5 ^ 

25 

The result to four figures would be 2*943, the position 
of the decimal point being obvious. It , will be 
seen, that for the first two figures of the quotient, the 
division is carried on as usual, but afifer that, instead 
«of adding a 0 to the remainder, and multiplying the com- 
plete divisor by ftie next figure of the quotient, the last 
figured the divisor is omitted, in the next step the last 
two %ures are omitted, and so on. As in multiplication^ 
we may obtain more accurate results by taking account 
of the number carried from the first of the omitted figures 
in the divisor. 

The example worked out in this way .would be : 

2693 ) 7925 ( 29428 
5386 


,25390 

24237 

1153 

1077 

76 

54 

22 * 

wlych is correct to five*^gures. 
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The position (Ji the decimal point is always best ascer- 
tained by carrying out an independent calculatibn to ood 
©r two figures only. 

Thus if the value of xIsto form*of a decimal 

were required, a rough approximation to the result would 
first be found by calculating out 

40 X 03 ^ ^ .4 

•0005 X 6oyo 3 

Next the value of irrespective of the decimal place 

would be calculated. The number obtained after multi- 
plication* an(P division to three figures is 376, and the 
approximate value previously obtained fixes the c^cimal 
point, so that tlTo final result may be put down as *376. 


A simplification of the arithmetical work is often 
possible when large and smaU quantities enter J^ogether 
into the calculation. Let, for instance, the product 
of 1 + 3 and 1 4“ € be required, S and € being so small 
compared to unity, that their product may be neglected. 
The complete product would be 1 + 3 + e + fie, and 
neglecting the last term we have : — 

(l-H5)(l-f€)= l-f-SVe (approximately). 

More generally, if^fi and e are both small, so fliat fie is 
negligible compared to ab, ^ 

(a + »)(6 + 0 = a{.l 1) =*a6(l + ? + Q 

^approximately). 
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The following ' equations, which are often useful, will 
hold whenever is a negligible quantity : 

o/, 25\ a 

+ 5)* = a® + 2a8 = a“(^l + -J ^ 

^ - 8)0 = - 2a« = a{l - |) 

(a + 5)^ = + 3a^5 = a®^l -f 

{a - 3)» = _ 3^25 = 

J ^ Yl _ ?\ 

a + S a\ a/ - 

1 ^ ^ 1/j ^ 5\ 

a - 5 a* a\ a) 

** * Va ±T= Va"± = \/(i (1 ± 2^) 

All these are included in 
(a + 8)” = a" 


As an example we may take a case which will be useful 
when barometric pressure has to be accurately determined. 
It will be shown (Section XII.) that a certain correction 
has to be applied to the barometer reading, depending on 
the temperature of the mercury colunjn of the barometer. 
This correction is — aht^ where a is a known number, h 
the bbseiVed height of the barometer, apd t the temperature. 
Under ordinary circumstances the height of the barometer 
will be approximately 76 centimetres, ^and the temperature 
not very far from 15°C., we may therefore write ; — 

i = ^6 + H 
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where k and S%ire small numbers and* their product Kh 
therefore small compared to and as the total •correction 
js small, it is generally sufficient to neglect 

Applying ijie previous equations we find 

ht = (76 + /f)(15 + 5) = (76 X 15) + 15k + 765 (approximately). 

If for K and S we write again A — 76 and^< — 15 re- 
spectively, we find 

ht = 1140 + 15 {h - 76) + 76 (« - 15) 

^ * • 

and if' the equation is multiplied by a, the numerical 
value of which is ‘000163, we obtain 

aht = -186 + -0024 (h - 76) + *0124 (t - IS") 

• 

Although the right-hand side of this equation looks 
more complicated than the left-hand side, A — 76 and 
/ — 15 will be small numbers,, and the products to 1^ 
calculated* will be obtained without tibublo, especially if 
shortened multiplication is used. * 


The arithmetical mean of two numbers a and b is 
defined as ; the geometrical mean is defined as A^ah. 
The arithmetical mean is always greater than the geometrical 
mean, for if twice the geometrical mean is taken from 
twice the arithmetical mean, the remainder is equal to 
(s/^ — s/iY which is always a positive quantity. If a 
and b differ only by a small queCntity, we may put 6 = a + S, 
and by applying the equation giv^en on p. 15 we find 


•Jab = + aB = a j ./ 1 + ~ 

'V % a 


5= 4(0 + 6) 

« . 
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The lasi>- equation shows that if two quantities a and b 
are so neafly equal, that the square of (a — h) can be 
neglected in comparison with a^, the geometrical mean « 

may be taken •to be equal to the arithmetical mean. 

* 

Example — If a = 2, 6 = 3 S = ’l 6=/l calculate 
approximately iihe value of (a + S) (6 + e), and^find by 
how much the risult differs from the one which is strictly 
accurate. If the product had been required to one per 
cent., would it have been s^ifficient to uSe the approjiimate 
method ? 

Example IL — Calculate to two figures the value of 

(113-78)3 - (113-63)3 
(113*63)3 

^E^mple III , — Calculate by the approximate 

method, mid find how nearly the result is con;pct. 

• 

The US® of logarithms is ‘a great help in many arith- 
metical calculations, and it will be an advantage to the 
students, if simultaneously with the present course in 
practical work, they obtain instruction ill multiplication 
and division by logarithms. Tables giving logaritlms ^ 
to four decimal places will be quite sufficient for th% 
purpose. 



SECTION III 
Graphical Constructions 

( 

In physical problems mathematical work is often 
replaced with advantage by graphical constructiohs. We 
shall illustrate the principle and use of such a graphical 
representation by an example. Let tbb connection between 
the scales of^ two thermometers, one (A) grhdimied on the 
Centigrade scale and reading correctly, the other (B) 
graduated according to some unknown scale^ be deter- 
mined experin^entally and exhibited in a graphical form. 
In the first place, a number of observations are taken as 
described in Section XVI., by plunging the two thermo- 
meters side by side into water at difierent temperatures ; 
a humber of readings of A, corresponding to an equal 
number of readings on B, are thus obtained. These obser- 
vations are to be represented by a curVe. Draw two lines 
(Fig. 4) at right dngles to each other, OX horizontal and 
OY vertical, each of these two lines being called an axis. 
Imagine OX to be graduated in Centigrade degrees, and 
OY in degrees of ^ the other scale. Ifo now for instance, A 
reads 30^ when B reads 24°, take a point marked 30 on 
the scale along O^ ai^d through it draw a line parallel to 
OY.c Also take the point 24 on the scale of OY, and 
through it draw a line parallel to OX. These two lines 
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will interse^, at a point P. A similar comparison might 
sh&w that *50° on A corresporided to 36° on B, and a 
point Q could thus be found exactly in the same way as 
P. For eaclf observation one point is obtained, and 
when A sufficient number of observations have been takerf, 
all the points may be united by a curve. In this case 
if both thermcyneters have been correctly graduated the 
curve will be straight line MN. If MN cuts OY 



O 10 .20 30 4 0 60 60 70 80 90 100 X 

Fig. 4. 


at the point 6 of the scffie, it will show that the 
freezing point on the thermometer is at division 6 
of its scak). To fifid by graphical construction the 
position of the boiling point on th? thermometer B, 
in other words theP point corresponding to 100° on the 
Centigrade scale, we must draw a vertical line through that 
point on*OX which r^ads !^00; if •this line intersect MN 
in Z, aiM if through Z horizontal lin^ be drawEf this 
horizontal line will be fouvtd to intersect OY at a point 
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corresponding ^to the reading 66. Hence the boiling point 
on B lies at 66. The thermometer B has therefore been 
graduated so that its freezing point is at the division 
6, and that 60 degrees of its scale correspond to 100 
degrees on the Centigrade scale. 

An important point to be attended to ^ in graphical 
constructions, is the fixing of the<scalcs ac<jording to which 
the axes are to he divided, as the best scaie to be used can 
only be determined in each particular case. It is often 
neces{?ary to take Very different scales along the two axes. 
The quantity to be measured along GY may, for instance, 
be the error of a thermometer, and never exceed OT 
degree, while the axis of OX may have to include all the 
points 'of the thermometric scale between the freezing and 
the boiling points. In that case, one centimetre along 
OX may be taken to represent 10°, while one centimetre 
along OY may represent only 0°*O1. ^ 



t 

The graphical method may also be used occasionally 
to correct errors o^ ol^servatibns. Thus suppose iihat in a 
comparison of two thermometers, the points Pf Q, R, S 
(Fig. 6) have b^n obtained, 'vjfiich, it is seen, do not all 
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lie exactly^ in a straight line. A straight line may be 
drawn however in such a way that the points lie as near 
to it as possible, and that straight line will prdbably more 
nearly represfjnt the relation between the thermometric 
scales, than a curve which actually passes through the 
points. 

Considerable^ labour saved if the paper on which 
curves are plotted is “squared paper,” ie. is divided into 
squares as shown in Fig. 5. 



' se(5tion IV 


Units 

All measurements in this volume are referred to the 
so-called metrical system. The standard of length in this 
system is the metre/ which was originally chosen because 
it was supposed to be one ten-millkmth of the dist^rfce 
between the earth’s equator aird the pole. ,I5ractically 
however the* metre is the distance between two ^arks on 
a certain platinum rod kept aji Paris, when the temperature 
of the rod is 0°C. The metre is subdivided as follows : 

1 metre = 10 decimetres 
= 100 centimetre^ 

= 1000 millimetres. 

Also 

10 metres are called 1 decametre 
100 „ „ ,, 1 hectoiqntre 
1000 ,, ,, ,, 1 kilometre. 


^ There is at present no uniformity in the English spelling of the 
metric units, m^tre, metre, and meter beins adopted by different 
writers. There is a certain convenience in distinguishing the metre 
as a measure of length, from the word meter which is in use to 
indicate certain instr^mepts as the gas^me^er, water *meter^ or 
micrometer^ Hence we have adopted the above spelling^ which is 
also ll^ie most usual one. But there ja no similar reason for keeping 
to the French gramme, and we sha(l use the spelling gram ipst^. 
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The relation between the English and JLeiric units of 
length, to yne part in a million is : — 

1 metre = 3*28090 feet. 

• 

From this relation any measurement of length taken 
in one system of units may be reduced to the other, but 
the following additional^ relations, which may be deduced 
from the one gwen, are often useful. They are 9f course 
correct only to the last figure given. 

1 metre *= 39*37 inches 

1 centimetre = 0*39.37 ,, 

1 inch = 2*5400 centimetres^ 

1 foot = 30*48 

1 yard = 91 *44 , , 

1 mile = 1 *609 kilometres 

I kilometre =0*621 miles 
8 kilometres — b miles nearly. < 


Decimetre 


J One inch 

L.. < One Centimetre 

u One MUtimetre 


Fig. 6. 


Students should make themselves familiar with* t^5 
lengths of a me^e, a centimetre, and a millimetre. It is 
a very useful exercise to esfimate by eye a certain length 
in centimetres or milliinptres, and then test the estimate 
by actuaf measureiftent. For this purpose a number of 
lines should be drawn at random on a sheet of paper, 
their length varying from a few millMnetres to ten centi- 
metres, and an eye estimate made of each length, the 
• 

^ Note the zer^s at the end {see ^age 4). 
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estimate put ^wn by the side of each^line, and each line 
then be measured with a centimetre rule, and the error 
made in each case determined. Fig. 6 shows \he lengl^s 
cof a decimetre, an inch, i centimetre, and a millimetre. 

The relations of the units of area and of volume may 
be obtained from those of length. 


1 square centimetre = 100 tsquare millimetres 
fl ,, decimetre = 100 ,, centimetres 

1 ,, metre — 100 decimetres 

-- 10000 centimetres 

* = KXXJPOO , millimetres 

1 cubic centimetre = 1000 cubic millimetres 

1 ,, decimetre = 1000 ,, centimetres 

1 ,, metre = 1000 ,, decimetres 

• = 1000000 ,, centimetres. 

, 1 cvjiic decimetre is called a litre. 


Sufficient dafta have already been given to deduce the 
relations between the English and metric systems, but tl^e 
following &re put down for the sake of Reference. * 


1 square centimetre 
1 ,, inch 

1 „ yard 

1 acre . 

1 cubic centimetre 
1 litre ' 

1 cubic inch = 

1 „ foot = 

1 litre = 

1 pint = 

1 quart = 

1 gallon * = 


= O’ 1550 square inches* • 

= 6*^51 ,, centimetres 

= *8861 ,, metres 

= 4840 ,, yards 

= 4047 „ metres 

= ’0610 cubic inches 
= 61-03 „ „ 

= 16*39 „ centimetres 
: 28*315 litres 
: 1 ’76 pints 

: 567*9 cubic centimetres 
1-136 litres 
: 4 ’543 litres. 


Note and explain •In your note-book why the number of 
litres given as being equal to one gallcfti is not, as far as 
the last figure is concerned, accurately equal to four times 
the number of litres ^^tpd to be^ contained in a quart. 
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The metric stardard of mass, the hilogrlm, is the mass 
of a certai{L piece of platinum kept at Paris and is intended 
to be the mass of 1 cubic decimetre of water at 4° C. 

1 kilogram = 1000 grams 

1 gram = 10 decigrams 

1 decigram = 10 centigrams 

1 centigram = 10 milligrams. 

The expressions decigram, and hectogram foy 10 and 
100 grams respectively are not much used. 

1 kilogram 2‘2Cft6 lbs. avoirdupois 

1 gram =15*4 grains 

1 lb. avoirdupois = 453*6 grams 
1 ounce ,, = 28*35 grams 

1 grain = 64*8 milligrams. 

The following abbreviations are in common use : 

cm stands for centimetre * 

mm 9 , „ millimetre 

cc or cull.'cm. ,, ,, cubic centimetre • 

^ ^ gHfl or grm • „ „ gram 

mgm ,, ,, milligram. • 

• 

When^ great lengths are ipeasured, it is usual to express 
them in kilometres, while small lengths are expressed in 
centimetres and millimetres, since it would obviously be 
inconvenient to have only one unit to express, for instance, 
both the distance of two towns apart, and the size of a 
small microscopic object. In every case therefore in whiclf 
a measurement is given, the unit in which it is expressed 
should be clearly stated. But the unit of length enters 
also into the measurement of other (Quantities ; thus the 
number q^pressing 9 , cerfain velocity, or a pressure, or an 
energy, would be different according tb whether the inch, 
the centimetre, or the metre were taken as the unit of length. 
To avoid confusion in these cases, the centimetre is always 
taken as the unit. , Similarly thp g^am is taken as the 
unit of«mass, and the secofid as the unit of time. K^bers ^ 
which are referred to thes^ units are sai3 to be expressed 
in the C.G.S.*(centimetr6-gram-second) system. 
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MJ^CH^NIOS 




SECTION V 
The Vernier 

Appo/ratus required , — Two wooden models of verniers, 
sliding calipers, block of wood, metal cylinder, barometer 
vernier, angular vernier. 

• 

If the length of a body AB (Fig. 7) is to be measured 
means of a graduated scale, it will generally happen 
that, wh«n the end A •is placed opposite the zero of the 
scale, the Qnd B falls somewhere between*two divisions. 
Thus ii^ fig. 7 we should s^y that the length AB was be- 
tween four and five units of the scale, and we might even 
judge by estimation that it was about *4 '3 units. If the 
mere judgment of the eye is not to be relied on to sub- 
divide each scale division but a more accurate method is 
required, a contrivance called the Vernier may be used. • 


0 1 2 3 *4 5 6 •? 8 9 10 11 12 13 14 15 



Fig. 7. 


Let a small scale* called the yeijiier Scale HK, which 
is difided so that ten *of its divisions equal ii^ length 
ninp divisions of the principal scile, be* placed against the 
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end B of the l^ody to be measured. Looking along the 
two scales we see that generally their divisicftis do not 
^coincide, but that the division marked 4 on the Vernier 
scale is in thf^ same line with a division marked 8 on the 
principal scale. This fact will at once enable us to say 
that the length AB is 4*4 units of the principal scale, for 
since 10 divisions of the Vernier s'3ale = 9 divisions of the 
principal' scale, 1 division of the Veimier scale = *9 
divisions of the principal scale, or a Vernier division is 
less than a scale division by *1 o^ a scale division. Hence 
the part of AB which extends over division 4 , i.e. the dis- 
tance between 4 of the principal scale and 0 of the Vernier, 
is greater than the distance between 5 of the scale and 
1 of the Vernier by ‘1 of a scale division. Thus : — 

Distance between 4 and 0= distance between 5 and 1 + *1 scale div. 

* ^ „ „ 6 and 2+ *2 „ 

= ) ) , » > and 3 + *3 , , 

« = », >» 8 and 4+ *4 „ ^ ‘ 

Or the total length of AB=4'4 scale division^ 

The student will easily see in the same way^ that if the 
eighth division of the Vernier scale instead of the fourth 
had been coincident with one of the divisions of the prin- 
cipal scale, the length would have been 4*8 ; and generally 
after the whole ]mit has been read off on the principal 
scale, the decimal place, or even sometimes more than one 
decimal place, may be found by reading that division on 
the Vernier scahy which coincides with one of the divisions 
of the principal scale, ' ^ 

Exercise. I 

The Vernier “ A provided has its divisions of such a 
length, that ten of them are equal to nine of the principal 
scale. The student should explain in his notebook, how 
this Vernier may be for measurements of length, and 
^measu|[e by it the length, breadth, and thickness sof the 
small block of wood provided. 
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Before making • each measurement, it ^is advisable to 
estimate tfie length to be measured as accurately as pos- ' 
sible by eye, the estimation being made by supposing a 
division on the scale to be subdivided into teji equal parts.* 
Record as follows : — 


10 Vernier divs. = 9 scale divs. 

» »» • ~ *9 j, yy 

. *. 1 scal^div. exceeds 1 Vernier div. by '1 scale ^iv. 
Measurement of length of block No. 5 : 

Eye estimate of length 4*3 

Reading on principal scdle . =4*0 scale div. 

Coincidence at 4th div. of Vernier = *4 ,, 


Total 


44 


Similarly for breadth and thickness. 

Exercise II 
The Sliding Calipers 

* Examine .the Verniey on the centimetre scale of the 
sliding calipers provided, and by means of* them measure 
the lerfgth 6f a brass cylinder (Fig. 8). The reading on • 



the scale when the jaws just touch* each other, should 
first be taken, then the reading when the jaws just touch 
the ends of the cylinder. The Sifierence is the length 
reqiured. Repeat the t^p measurements. * 
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Record as follows : — • 

Reading with cylinder between jaws 2-21 -2’22 meali- 2*215 cfn. 
„ „ jaws together . . *02- *03 ,, = '025 

Length 6f cylinder No. 8 2*19 „ 


All Verniers are the same in** principle, but in some 
cases the value of one Vernier division “may not be so 
evident as it is in the ^simple case of which Fig. 7 is 
an example, TaEe, for instance, that illustrated in 
Fig. 9. There the principal scale is subdivided into 
half units, each fifth unit being marked. The length 
AB is evidently greater than 2 '5, and less than 3 scale 
divisions, afi!d 4 the Vernier enables the excess over 2*5 
to be determined. The Vernier scale contains 25 
divisions, which are equal to 24 small divisions, of 
the principal scale, so that the lengljj^ of each Vernior 
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division is X ^ = '48 of the scale unit, or a Vernier 
division is *02 less than a scale division. The coincidence 
is seen to take place at the s'.eventeenth Vernier division, 
hence : — < 


Distance between 2*5 and 0 == distance between 3 0 and -2 + 'C2 scale units 
i ^ „ „ 3*5 and *4 + *04 „ 

= „ „ 4 0 and -6 + *06 „ 

= „ „ 4*5»*nd *8 + *08 „ 

t Ac. 

= „ „ 11*0 and 8*4 + *84 „ 

= *84 

Or the total length Aft = + *84 scale units 

^ = 2*84 « 

The meaning of the numbers opposite each fifths divi- 
sion on the Vernier scale is now clear If the coincidence 



SECT. V 


THE VERNIER 


• 33 

had taken place accurately at the point marked 3 on the 
■Vfernier, ire should have had to add *3 to the reading 
on the principal scale next below B, which is 2*5. The, 
unit on the Vernier is divided into five paisbs, hence the 
value of each subdivision is *02, and as the coincidence 
takes place at the second division from the point marked 
3, we have to add *34^ to the reading of the principal 
scale. Reading a Vernier scale of this nature we should 
put down — 

Eye estimate of length 2*9 scale lyiits. 

Reading on principal scale . . .2*5 ,, 

Reading of point of coincidence on Vernier. *34 ,, 

Length AB 2*84 ,, 

Whenever a Vernier has to be read, flie fh*st step 
should be to make sure of the value of one division on 
each of the two scales. * 


Exercise III 

• 

The barometer which is suspended in the laboratory, 
has a scgle on one side divided into iifches, and on the 
other into millimetres. The Vernier on the inch scale is 
divided as in Fig. 9, the unit only being different. 

The Vernier “ B ” provided, is a model,of the barometer 
Vernier. Determine by means of it the dimensions of the 
block of wood previously measured, putting down • tjj^e 
reasoning and results as in the case of the “ A ” Vernier 
above. * • 

Examine the Verniers on both the metre and inch 
scales of ithe barometer,* and explain how the former 
should be read. * 

V 

The circular or angular Vernier is used in the same 
way to measure angles, e,g.^ to minute# of arc, on a circular 
scale graduated in degrees only. Exa|)fiine the Aodel 
supplyad and explain how^ ib is read* 
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The Spherometer and Screw Gauge 

Apparatus required . — A spherometer standing on^a 
•glass plate, a brass cylinder, a brass plate, sliding calipers, 
a scale divided into centimetres and millimetres, a large 
lens, and a screw gauge. 

When objects of small size have to be measured 
accurately, instruments depending on t]je motion of 
a screw, the screw gauge or the spiierometcr, may 
be used. ^ 

Stufcly carefully ttlie construijtion of the spherometer 
provided (Fig. 10). Note that while the screw is turned 



thread to thread in a direction parallel^,to the axis of the 
screw. Note also^ that the circumference of the head is 
divided into 100 equal parts, ^o that decimal parts of a 
revolution can be ijead off. ** ‘ 

Exercise I ^ 

To find the Pitch of the Screw of the Spherometer 
A brass cylinder i^i prpvided, the length of which must be 
meascired in the first instancb with a millimetse scale, 
<md estimated to a tenth of q, millimetre. The length 
found thus by estimation should be verifi^ by measure- 
ment- with the^sliding., calipers. 
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In order to detetmine the relation between the length of 
the cylinddl* and the pitch of the screw of the spherometer, 
place the instrument on a glass plate. Turn the screw, 
until its point just touches the glass plate. This is readily 
done, for if the screw is turned a little too far, the instru- 
ment may be made to rock by slightly tapping it above 
one of the legs. If therefore the point of the screw is too 
low to begin viith, it can be gradually raised tJntil the 
rocking ceases. When the point^has been adjusted in this 
way, read off the division of the disc which is opposite the 
vertical bar. Several readings should be taken, the screw 
being re-adjusted each time. Next turn the screw so that 
its point is raised, counting the number of times the mark 
at the zero of the graduations on the head pdlfeses the ver- 
tical rod, until the brass cylinder can be introduced beneath 
the point. Adjust the screw again until the point is 
irj contact with the top* of the cylinder, repeg»ting the 
operation and reading off each time the division on the disc 
opposite thb i\)d. • 

Note, —in order to be able to count the number of complete revo- 
lutions reallily, it is convenient to provide a wliite mark at the zero 
of the circular disc ; this is easily seen while the screw is turned 
round, and each time it passes the vertical bar, a whole revolution 
is completed. Great care should be 'taken to obtain the number of 
revolutions without error. • 

(1) Take the mean of the readings when the point 
•the screw was in contact with the glass plate, (2) the 
number of complete revolutiqris through which the screw 
was- turned, (3) the mean of the readings when the point 
was in coj^tact with^the top of the cylinder. Add (3) 
with a decimal point prefixed to (2), ^nd subtract from 
the sum (1) with a glecimal point prefixe^. The difference 
•is the number of turns and decimal parts of a turn 
equivalent to the leqgth of the fylyider. Divide that 
length Ijy the number of ttirns, the quotient is the }^tch 
of the screw. The obser-^ip^tions and results should be 
recorded as follows : — 

D 2 
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Spherometer No. 12. * 

Reading for top of cylinder 37 turns 46 divs = 37*46 tumsb 

,, ,, glass plate 0 „ 58 „ = *58 „ 

Difference .* 36*88 ,, 

Length of cylinder No. 10 = 18*5 mms. 

Rtoh=i^=-498mm8. 


ou oo ^ 

( Exercise II 

To Measure the Thickness of a Brass Plate by 
means of a Spherometer 
Proceed as in tlie previous ^exercise, substituting the 
plate for the cylinder, and finding the number of turns of 
the screw equivalent to tlie thickness of the plate. This 
number multiplied by the pitch gives the thickness of 
the brass plate. Take the mean of two sets of measure- 
ments. f * ‘ 

Record as follows : — 

' Plat© No. 11. . c 

Reading for top of plate 2 turns 81 divs. = j 2*81 turns * 

„ L 4glass plate 0 „ 58 ,, = *58 ,, 

Difference . . . . , . . . 2*23 ,, 

Thickness = 2-23 x *498 = 1*11 mni6. ^ 

Exercise Ila 

To Measure the Radius of Curvature of a 
Sui^face by the Spherometer 

Place the spherometer on the glass plate and determine 
ilie zero reading, then place it on the surface and determine 
the reading in the same wqy. If 4 the difference of 
the readings reduced to cms., r the distance from the 
point of the screw to the ends of the legs of the sphero- 
meter, and li the Q*adius of curvature of the surface, then 
R^r^l2h, 

r is fiiost conveniently determined by placing the • 
spherometer on a sjieet of paper with the point of the 
scre^K in contact with the paper and pressing it^so that 
hfipressions of Uie ends of legs and screws are produced. 
The meesurement can then be made on the paper. Record 
aA in the previous j^^ercise. 
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• Exercise III 
Use of the Screw Gauge 

The screw gauge (Fig. 11), is the same in principle as the* 
spherometer, anfl the pitch of the screw may be determined 
as in Exercise I. If it is only required approximately, 
unscrew the head, noting that at each revolution it passes 
one division of the scale on the stem. When the Jbead has 
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been screwed off sufficiently to leave about 2 cms. of the 
seale on the stem exposed* compare the scale wibh a milli- 
metre scale, and thus find in millimetres the value of a 
scale division, i,e. of the pitch of the screw.^ Having found 
the pitcTi, screw the gauge up, using the finger and thumb 
to gentl/ rotate the screw till the jaws are just in contact, 
which can be detected by the slight increase of resistance 
to the rotation. Bead the last division visible on the 
stem, and the division on the head opposite the mark on 
the stem from which the stem divisions are drawn. Jhis 
is the zero reading. Now insert the body to be measureS, 
screw up gently till the jaw^ just touch it, and take again 
the readings on stem and head. Fiom the pitch and 
these measurements, determine the thickness of the body 
measured. • 

Find by the g^pgp the thickness of the brass plate 
previously measured, and record as follows : — 

Screw Gauge Ng. 2^ 

• Pitoli fcmnd = 1 mm. ^ 

Reading when Plate ll^etween jaws 1'12 mms. 

* j*w8 together . . *01 „ 

Thickuesflaof Plate No. 11 • ^1*11 mms. 
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The Law of Moments 

Appm'atue required . — Moments apparatus, and weights. 

Definition.— li P (Fig. 12) be any force and O a point, 
then if from O a perpendicular to the direction of P be 
drawn, and p be the length of this perpendicular, P/;*is 
the moment of the force P with respect to the goint O. 

P<- 


\P 


*0 

FlOir 12. 

c 

It has been found convenient {o call the moment 
positive^ if P tefids to produce rotation about O in 
a direction contrary to that of th» hands of a watch, 
and negative if with the hands of a watch. Thus if, 
in Fig. 13, P' b^ the magnitude, of a second force 
irresjiective of sign, the momefit of P' with respect to O 
'Will be — V'p. 
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Proposition. — Jt is proved in books on Mechanics that 
i£ a body acted on by forces in one plane only is in 
equilibrium, the algebraic sum of the moments of the 

, ^P' 


\p 

‘•o 

B’la. 13. 

forces with respect to any point in their own plafne 
vanishes ; or in other words, the sum of •the •moments 
having positive signs, must be equal to the sum of the 
moments having negative signs. * 



Exercise 

To ^verify the law of ittoments Tn the special case of two 
parallel forces, a balanced^ disc of wood <Japable of rotating® 
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about its centre is provided (Fig. 14J. Pans in which 
weights can be placed are suspended from hol^ bored jn 
the disc. 

• See that the disc is vertical, moves freely about its axis 
without touching its supports, and will come to rest in any 
position, i.e., is in neutral equilibrium. 

Proceed as follows : • 

(1) Weigh together the scale pan P and the string and 
peg also the pan W an^ tke string and peg w, 

(2) Place the pegs in two hoies that lie on the same 
diameter of the disc and at equal distances on opposite 
sides of the centre, and suspend the pans P and W from 
the pegs. Notice that if the weights of the pans and 
contents are equal, the disc is in indifferent equilibrium, 
and will remain at rest in any position. 

(3) Remove one of the pegs with the attached pan, and 
place it in* a hole such that the line joining the two pe^^ 
does not pass through the centre of the ‘^digc. Place 
weights in P and W, and notice that the disc ^will pome to 
a position of stable equilibrii^m, if the line joining the 
pegs passes under the centre, but that the equilibrium will 
be unstable^ if the line passes over the' centre of the disc. 

(4) In the case of stable equilibrium, read in the glass 

scale MG the positions of the strings at A and C, and of 
th^ plumb line in the middle at B. In reading the position 
of each string, place the eye in such a position thatfthe 
string covers its own image in the mirror (see p. 6, A 
“ Parallax ”). Read both edges of the strings and take 
the mean. * t ‘ 

(5) Alter the positions of the pegs, and the weights in 
the pans, and take fresh readings. ^ 

(6) Reduce the observations as follows: If Pi is the 
weight placed in th6 pan the ^weigh^ of which and ac- 
opssoifes is P, and if p is the perpendicular between the 
string from which P is suspend^ and the string at B;; the 
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moment of P+Pj about the axis of rotation is (P+P^)jp. 
Th^s must Ite equal to the corresponding quantity on the 
other side. Hence : — 


(P + Pi)i> = (W + Wi)w 


or : — 


P + Pi 
W + Wi 


w 

P 


The ratio of the weights P+ Pi and W + can be found 
with great accuracy, but the difficulty of the experiiflent lies 
in the accurate determination of th^ perpendiculars. It was 
found in one experiment, for instance, that when the«ratio 
of the weights was 1'187, the inverse ratio of the cor- 
responding perpendiculars was only 1 T 65. The unavoidable 
errors of observation combined in this case therefore, to 
produce a difference of two per cent, between tVo rihmbers 
which should be equal. The difference is not more than 
was to be expected from the necessarily rough method of 
mtasuring the perpendiculalrs. If the measurement of one 
of ^ese was Qjae per cent, too large, and that of the other 
one per cent, too small, the error would be accounted for. 
Owing t8 the friction of the axle of the disc in its bearings, 
the position of equilibrium is*a little uncertain, which will 
also tend to produce an error. • 

Enter observations and results as follows : — 


Moments Apparatus No. 6.* 



Weights in grams. 


Distanpes in cms. 

Error 

Differ. % 

£eft panssSO'O 

m 

Right pan =80 -6 

Ratio 

• 

Plumb lineat^ 

Ratio 

In left 

Total* 

In right TotA 

lefit 

right 

To loft 

Torig^t 

right 

left 

50 

80 

30 65*5 

1 32 

9*70 

12 - 9 * 

1*33 

-•01 -‘7 

80 

100 

60 80-5 

1‘24 

10*2 

12-7 

1*25 

- 01 -:7 



&c. , 

• 
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The Pendulum 

Apparatus required. — A simple pendulum with a wooden 
rod graduated in centimetres behind it, 'on which two 
millimetre scales engraved on mirrors slide ; also a watch 
with a seconds hand. 

• f 

The relation between the length Z of a simple pendulum, 
its time of oscillation <, and the value of the gravitational 
acceleration is proyed in boqks on Mechanics to be 

f=2,\/i. 

and is independent of the material of the bob. ♦ 

f 

If, therefore, the time of oscillation of a simple pendulum 
of known lengtl^ is observed, the value 6f g may be found. 
The above equation gives : — 

where tt® = (3'14*16)® = 9‘870 and ‘Itt* = 39'48 nearly. 

f * 

Noie.—'^y the “period” or “complete time of oscillation” is 
meant the time which a pendulum takes tp go through the whole 
cycle of motion. If the time is reckoned, for instance, from the 
instant of passage of the pendulum through its position of equili- 
brium from left to right, Vie first oscillatkin is complete only when 
the f^endulum again swings through its position of equilibrium from 
left to right. * 
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Exercise 

To determine the Value of the Gravitational 
Acceleration 

In the apparatus provided, a leaden bullet is suspended 
by means of a string in front of a support grad*i,ated in 
centimetres, on which two glass millimetre scales 
with silvered backs slide ,(Fig. fs). J^he length 
of the pendulum can be ascertained as follows : 

The two glass scales are placed behind the point 
of suspension and the leaden bullet respectively, 
in such a way that when viewed normally #(566 • 
Farallax^^ p. 6) the centimetre divisions on 
them coincide with the centimetre lines (fn the 
support. The eye should, be placej^ so that the 
leaden bullet covers its own image in the glass scale 
behind, and t*he positions of its highest and Igwest 
points Kjad off, centimetres being read on the scale 
on the support seen throughia strip of the mirror 
from which the silvering has been removpd, and 
millimetres and tenths on the glass scale. The 
mean of the two readings gives the poi^t on the fiq. i6. 
scale which is at the same level as the centre of 
the bullet. The position of the upper end of the pendulijpi 
should be read in the same way. The length of the pen- 
dulum is the difference between the readings. Three 
experiments should be made, the lengths of the pendulum 
being approximate!}''# 80, 50, and 40 cms. 

To find the time of oscillation : Place the clamp from 
which the string is suspended, so that, the slit separating 
the jaws runs at right angles to the direction in which 
the pendulum is to swing. Dra^g the bullet aside (about 
5 cms. for the greatest, ancf half that for thg smallest length), 
holding it in the displaced position, and observing the 
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motion of the seconds hand of a watah held in the hand 
just below the bullet, so that both watch and bullet cai^ be 
seen at the same time. As the seconds hand passes a 
given point (say 60) let the bullet go gently, without 
giving it an impulse in any direction. Count one each 
time the pendulum comes back to its original position, until 
it has performed 100 complete oscillations. Be careful to 
count ^and not 1 as the bullet leaves tlje hand. When 
the proper number is nearly complete, watch again the 
seconds hand, and pote down accurately the second at which 
the number of oscillations is complete, Having observed 
whether any entire minutes have elapsed since the begin- 
ning of the counting, and if so how many, write down in 
your note-bcFDk the number of seconds the pendulum took to 
perform 100 oscillations. If the pendulum, during its 
motion, changes its plane of oscillation considerably, so 
that there is danger of its striking against the support,^ it 
is a sign that the above directions for starting the pen- 
dulum have* not befen sufficiently attended to, and the 
observation must be repeated. The time observation should 
be taken t>^ce for each length of the pendulum, e 

The observations and results are entered as follows : — 


< 

I 

II 

Til 

.Reading of point of support of string </ 

•50 

*60 

•60 

^ ,, top of bob 

82-92 

55*61 

39-50 

„ bottom of bob . 

^4-52 

67*11 

41*10 

,, centre of bob 6 . « 

83-72 

66*31 

40-30 

Length of pendu]t|m l=:{b—a) . 

83-22 

66*81 

39-80 

Time of 100 oscillations . ' . { 

f V 

184 

183 

148 

160 

126 

127 

Mean time of one oscillation t . 

1-835 

1*490 

1-265 

<2 , . . . 

‘ I/S' ... . 

0 3*367* 

2-220 

1*600 

24-81 

26-14 

24*88 

g == = 

979 

992 

983 

Correct value , o -c . . 

9$I 



^rrdr 

-2 

-Mlo 

+ 2 

^ ^ Percentage ehor = Error /981 . 

-•2 

■hl-l 

-l-•2 

0 
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N^e, — Obs0rve that,any error in obtaining t will lead to double 
the percentage error in ,7, since in calculating g the value of t is 
sqifiired. Hence, in order that the error should not exceed one 
per cent., the time of 100 vibrations should be correct to about 
naif a second. This cannot be secured with a waf^h having an 
ordinary seconds hand unless several observations are made and the 
mean of the results taken. 
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The Hydrometer 

Apparatus, required . — A Nicholson hydrometer, a box 
of weights, 'a piece of glass, a piece of wax, and some 
salt solution. 

Exeiicisk J 

To finc^ the Specific G-ravity of a Sojid unacted on 
by a Liquid of known Specific Gravity. 

The mean specific gravity of a substance is the ratio of 
its weight in vacuo (or in air so far as the present work 
is concerned) to the weight in vacuo of an equal volume 
of water. 

, To weigh the solid. 


Fill the hydrometer jar with the liquid 
^ -M ^hich we may take to be water, and place the 
0 ^ hydrometer provided in the liquid. If air 
I I bubbles collect on the hydropieter remove 
t them by touching them with the en(i of a wire, 
I or the observations will be vitiated? Place 
I' weights in the pan A of the hydrometer 

; - (Fig. 16), until it sinks to the fixed mark M. 

H Arrange the weight on the pan so that the 
hydrometer remains vertical. In using the 
1 weights avoid placing them on the table ; a 
^ ^ weight should always be either in the pan or 

Fio. 10. in ijQjr. Next remove.the weights, place 
the solid in thb pan A, and add weight 
till the hydrometer again sin^^s to M. The difference 
between tjie weights required in the two cases, 
will be the weight of the solid. 

0 

(2) To find the weight of an equal volume of water. 


Remove the weigjxts^ from the pan A, and place the 
^ aolid^in the pan^ B if it is heavier, and in the cage under 
/ the float of the fiydrometer if it is lighter than the liquid, 
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taking care that when the hydrometer is placed in the 
liquid there is no air bubble under the solid or attached 
to the hydrometer. More weight will now be required to 
sink the hydrometer to M, since the pressure of the fluid 
acting on the solid produces a resultant upwards, which, 
by the laws of hydrostatics, is equal to the weight of the 
fluid displaced by the solid, i.e. to the weight of a volume 
of fluid equal to that of the solid. If w,^ is the ^weight 
required, the weight of a volume of the fluid equal to that 
of the solid is and^ if <j iS the specific gravity of 

the fluid, the weight of an equal volume of water •will 
be /<r. 

(3) To calculate the specific gravity. 

The specific gravity p oi o. body being thefratio of its 
weight to the weight of an equal volume of water, is 
calculated by the formula : — * 

_ weight o f body 

^weight of equal volume of water 

Hence f^= T .<r. The body should be taken large enough 
* ^ 

to make it, possible to determine both and to an 

accuracy of 1 per cent. 

Record as follows : — 

Hydrometer 3, glass block 4, fluid water o' = 1. 

• Diflerenco. 

Weight to sink hydrometer to mark = 4*65 gr. 

. glass = 3-44*gi. 

,, with glass in upper pan W2 = 1*21 gr. 

, fluid = 1*46 „ 

,, ,, lower pan =2 67gr. 

.'. Weight of equal volume of water = 1^46/<r = 1’46 
• . , • 3-44 

.'. Specific gravity of glass No. 4 • = = 2*36 

1*46 

Repeat the observations in the reveAe order. If the 
results agree closely, ^take the mean as the final result. 
If not, (Jo a third experiment and* taTce the mean of^the 
three results. ^ • 

Determine in the same way the specific gravity of the 
piece of wax, placing it when in the liquid in the cage 
under the float. 
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Exercise II 

To flfnd the Specific Gravity of a Liquid 

Pour out the water from the hydrometer jar, and re- 
place it by the liquid (a salt solution) from the cistern 
provided. Find the weight required tcf sink the hydro- 
meter to the mark M ifi the solution. Then remove the 
hydMomoter from 'the solution/ dry and weigh it. If the 
weight of the hydrometer is W, and P is the weight to be 
added when it is placed in the salt solution, W-fP is the 
weight of the liquid equal in bulk to the immersed portion 
of the’hydfometer. Similarly if P' has been added when 
the hydrometer is placed in water, W + P' is the weight of 
water equal in volume to a weight W + P of the salt 
solutioru The specific gravity Df the solution will therefore 
be 

Wj^P 

Record as, follows : — 

Hydrometer No. 3. Weight = 29 ’85 grs# 

Weight to sirik it in water = 2*65 gr. total = 32 '50 gr. 

,, ,, ,, solution = 4*60 ,, „ = 34*45 ,, 

f ."S Specific gravity of solution = 34*36/32'50 = 1*06 

Repeat the observations^ in the reverse order. If the 
two experiments lead to results which agree closely, take 
the mean as the final value. * If they differ piuch do a 
third experiment Und take the mean* of the three. 

[After the observations have been taken, the salt 
eolation should be poured back into the cistern.] 
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The Balance. I 

Apjyaratus required. — Balance, box of ^eiglfts and 
brass cylinder. 

Students are supposed to be familiar with the principles 
on .which balances are constructed. 



A balance (Fig. 17) is provided, by means of which the 
weight of a substance* may j:)e determihed to 'the nearest 
centigram. The student should make a sketch of if in 
his note-book. 
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When the balance is not in use the beam is supported 
in a horizontal position by the two arms which project 
from the top of the pillar, and the under surfaces of the 
pans just ti^>uch the base board. 

Through the centre of the beam a short triangular 
prism of steel or of agate passes, and one of the 
projecting edges of this prism constitutes the “ knife 
edge” about which the beam turns when in use. Two 
shorter prisms of steel dr of a^ate are placed at the ends 
of <)he beam, and" the top edge of eacli prism furnishes 
the knife edge on which the stirrup which carries each 
scale pan is supported. 

It is to^^preserve these knife edges that the beam of 
the balance il lowered when the instrument is not in use, 
so that as Ifttle weight as possible may rest on each 
knife edge. c ' 

The base screws allow the balance t^ be levelled. 
The beam and scale pans are brought into the proper 
position for use by gently moving the handle at the 
base of the balance to the ^ight. Notice as this is done 
that the two* plane surfaces underneath the knife edges 
of the beam, are raised into contact with the knife edges, 
and the beam ^ then raised from the supporting arms. 
As the beam rises the knife edges at its ends raise the 
^ans stirrups, and finally the pans. When the beam is 
in its proper position the end of the long pointer attached 
to the centre of t^e beam is just in front of a horizontal 
graduated scale attached to ^the pillar of the balance. 
This scale should either be engraved on mirror glass, or 
have a small piece of mirror glass in contact with it 
behind. * * 

Turn the handle^A to the left so^as to lower the beam. 
M^e a sketch in youf note-bttok of the way in which the 
knife edge at* the end of ^e beam supports the pan 
stirrup. 



SECT. X 


THE BALANCE. I 


81 


When weighings* are to be taken attend to the 
folfewing instructions : 

1. See that the balance swings freelj^ when the beam 

is raised, and that when the pans are empty, the pointer 
attached to the beam oscillates equally or nearly so, on 
the two sides of the cenjre division of the scale. If not, 
screw out a little the small screw at the end of the 
beam on that s^de to which the pointer tends to move. 
This will slightly displace the centre of gravity of the 
beam, and the pointer may thus be ftiade to occupy a 
position near the centre of the scale in front of which 
it moves. , This position is called the “ zero at no 
load.” ^ . 

2. As the scale is some distance behind Ifche pointer, it 
is found that by moving the eye to right* and left, the 
apparent position of the pointer on the scale alters owing 
to parallax (see page 6). To avoid errors due* to this 
cause, always •look at the pointer in the same direction, 
which can be .secured if it is always made to cover its 
own image in the mirror behind the scale or on which 
the scale is engraved. It is not necessary that the 
pointer should stand exactly at the centre of the scale, 
so long as during a set of weighings it is^ always brought 
back to the same “zero.” 

3. Never place weights on the pans or remove thfem 

from the pans while the pans are raised above the '' 
base. • 

• 

4. The ^contents of the boxes of weights are arranged 
so as to allow the Correct weight to •be quickly found 
by systematic trial. They consist of masses of 10, 
5, 2, 2, 1 grams ; and of 5, 2, 2, 1 decfgrams and centi- 
grams. If a box is incomplete the fact should be 
reported at once. In* carrying outran observation, it jyill 
be founS most convenient to begin By finding the upper 
limit lo the weight required. Thus suppose the sub- 

E 2 
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stance weighs 8*57 grams. On trijtl it will be found 
that 10 grams is too much. The next smaller weight 
5 grams is not enough ; the next weight 2 is added 
and is still not enough ; the second 2 is added and is 
found too much ; it is therefore replaced by the 1. 
Proceed in this way with the decigrams and centigrams, 
trying each weight in descending order ^ and removing a 
weight^rom %he pan only when it is fou79d to he too much. 
When a weight is removed it should be replaced in its 
prop'^.r position^ in the box, ai/td not on the table. Move 
the weights with the tweezers provided in the box, 
never with the fingers. 

5. In order to sec whether the body is properly 
balanced, it is not necessary that the .beam of the balance 
should come *■ to rest. It is only necessary to observe 
whether or not the oscillatioijs are small and take place 
symmetrically about the “ zero.*^ The pointer should 
never be touched. • 

If a balance is always to weigh correctly, its arms, i.e,y 
the distance of the end k^nife edge^ from the central 
one — should ‘be equal. As this is never absolutely the 
case, means must be taken to determine the inequality of 
the arms, and Ijo find the true weight of the substance 
independently of the defects of the instrument. 

Let a body of true weight P be placed in one pan of a 
balance, and let the arm 9 n that side have a length a. 
Let the arm on*. the other side of the balance have a 
length b, and let be the ^weight on that tside which 
will exactly balaiice P, Then by tl^ law of moments 

^ Pa = Wj6. ‘ 

now P is placed it\ the other pan, it will require a dif- 
fei^jnt weight JVg toproduce a balance, and we have : — 

Waa = P6. 
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The first equation gives 


b P 


( 1 ) 


and the second 


» 


• b Wj 


. ( 2 ) 


Multiplying (1) and (2)^ we fifid 


a 

b 



and dividing (1) by (2) P = ^/w^.Wg. 


#3 


Hence, even if the balance has unequal arms, the true 
weight may be found by taking the geometrical mean 
of the apparfjnt weights, found when the substance is 
placed first •in, one pan, then in the other. 

In the ^ case of an ordinary balance, the arms are as 
nearly as possible of equal lengths, and the weights 
and Wg consequently so nearly alike, that instead of 
the geometrical we may take the arithmetical mean 
(Wj + in accordance with what has been said on 

approximations on page 17. 


Exeh!Iiise 

To find Ihe Ratio •of the Arms of# a Balance, and 

the True Weight of a Body 

• • 

Proceed as follows ; — 

1. Place the brass* cylinder provided in the left-hohd 
pan, and find to the nearest centigram the weight required 
in the* right-hand pan to produce a balance. 
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2. Place the cylinder in the right-hand pan, the weights 
in the left, and repeat the observation. Time will in '•the 
end be saved, if between the two weighings all the weights 
are carefully put back into their proper places in the 
box. 

Record as follows ; — 

Cl IJalance used, No. .'5. ^ 

Rox of weights, No. 5. 

Brass cylindet^ No. 7. 

Apparent weight of cylinder when in left pan (W,) = 100'27 grams, 
„ „ „ right „ (Wj) = 100-20 „ 

true weight P = Wj = 100-24 grams. 

‘ tv . 

and^= \/ Jy‘=v/l-0007 = 1-0004. 



SECTION XI 


The Balance. II 

Apparatus rqpiuired. — Balance, stool, boj of .weights, 
brass cylinder, block of woo^, sinker, can, and salt 
solution. 


Exercise I 

To find the Specific Gravity and the Density of a 
Solid unacted on by Water.^ ^ 

Tlie specific gravity of a substance which is not attacked 
by water, is found from tjie apparent weight of a piece 
ofr the substance in air, and its apparent weight* when 
suspended in water. The apparent loss of weight 
of a solid when suspended in a liquid, is duo to the upward 
pressures which is equal to jbhe weight of a volume of the 
liquid equal to that of the solid. 

Since 

Weight of body 

Spcci c gravity — \yeight of equal votume of water 

and both numerator and denominator r)f the fraction* i|iay 
be determined by experiment, the specific gravity may be 
calculated. • 

As the specific gravity depends on S ratio of two weights, 
it is not necessary that tlie balance sljpuld have equal arms 
when used for the determination, provided the substance 
is always placed &rh the same side of the balance ; as how- 
ever the determination of density requires a knowledge 
of the true weight, thg balanije ^ould have the arms 
equal.* 
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Proceed as follows : — 

1. Weigh the given solid in air, "placing it for cpn- 
venience of working in the left-hand pan. 

2. Place -a low wooden stool over the left-hand pan, 

and suspend the solid by a thin thread from the ring at 
the top of the pan, in a can placed on the stool. Fill 
the can with water, suspend the solid in the water so 
that it hangsrclear of the sides of the can, and find the 
apparent weight. Thei weight of the silk may be 

neglected. , * 

Record and calculate* the specific gravity a^ follows : — 

Specific gravity of brass cylinder, No. 9. 

* ' !^lance used, No. 5. 

Box of weights, No. 

Weight of « cylinder in air Wj . . 103*25 grins. 

,, ,, watei^ui^ * 91*12 ,, 

Loss of weight • 12*13 „ 

Specific gravity of brass \ 103*25 _ « ^ 

cylinder, No. 9 /T2*13 ” 

• * 

Repeat the observations in, the reverse order. ^ Take a 
mean of the results if they agree closely. If not do a 
third experiment, and take the mean of the three 
results. 

The density of a substance being the mass per unit 
vojupie, is in the C.G.S. system of units numerically 
equal to the specific gravity, since the mass of 1 c.c. of 
water is 1 gram. c 

Calculate the density of brass from the volume and 
weight of the cylinder, and ’compare the density so 
obtained with the value of the specific gravity found by 
the preceding experiment. <. 

For this purpose the diameter and length of the 
cylinder must be m^ped twice with sliding calipers 
and ^he means taken. The aSrea of the circular base 
is to Trr^, where r is thecadius of the circle. tThe 
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volume is equal to the product of the area of the base 
and the length. 

Record as follows : — 

Brass cylinder No. 9. 

Mean diameter . . . . = 1 *59 cms. 

radius . = *795 „ 

Area of base = 3*14 ^ *795 x *795 = 1*984 sq. cms. 

Length of cylinder = 6*18 cms. 

Volume = 1*98 x 6*18 = 12*24 i;o. , 

Weight ... = 103 *25 grms. 

Density of Cylinder No. ^ = 8 *43 

12*24 • ^ 

Since in the measurement of the diameter an error of 
half a per cent, might easily have been made, it would be 
useless to give the result to more than t^jree £gures. 
Hence, also, it would be useless to take a more accurate 
value* for tt than 3*14. The intermediate calculations 
should be carried on by shortened multiplication to four 
figuj'es, in order to insure ttie accuracy of the thi/d in the 
final result.# * 

Note 4)hat by reversing the above calculations, the dia- 
meter of cylinder, the length and density of which are 
known, can be found by weighing the cylinder. 

Exercise II 

To find the Specific Gravity of a Liquid 

Find the specific gravity of the given liquid by weighing 
the brass cylinder in the liquid, taking account of the 
weights in air and in water pft’eviously determined. 

If = weight of solid in air ^ 

1 ^ 2 = ,f ' », * water 

» ■ .. liquid 

then lOj - = l<>ss of* weight in water • 

weight of an equal volume of water 
and ti^i - tOg ?= loss of weight in liquid * 

weight <3 an equal volume &[ liquid 

^ . •. specific gravity^of liquid = 
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Record as follows : — 

Weight of cylinder in air = 103’25 grms. 

,,, „ in water = 91*12 ,, Loss =• 12*13. 

,, „ in liquid = 90*40 ,, .*. Loss = 12*85. 

Specific gravity of liquid = = 1 *059. 

Repeat the weighings in the reverse order and take a 
mean of the results obtained in the two cases. 


I^ERCISE ITI 

To find the Sp^ific Gravity of a Solid lighter than 
Water 

To the hook or ring at the top of the left-hand pan of 
the balance, attach, by means of a piece of thread about 
5 cms.dong^ the “ sinker ” provided. See that when a can 
of water is placed on the stool underneath, the top of the 
sinker is aboifb 1 cm. below the surface of the water when 
the pollster of the balance is ^t zero. Place weights 
in the other pan, till the balance is in equilibrium. Now 
place the body, the specific gravity of which* is required, 
in the raised pan, and again balance by weights "Wg 
other pan. Wg — Wj is then the weight of •the body. 
Now place t}ue body underneath the sinker in the water, 
and balance again by weights W^. Wg — W 3 is then the 
apparent loss of* weight in water. The specific gravity of 
the body is therefore 

• • W3-W1 

Wa-Wg* 

Record as follows : — « 


Cpecific gravity of wood. 

Weight to balance sinker in watet ^ W^ = 6^*20 grms. 


and body in air 


W 2 = 92*91 


• sinker and body in water W 3 = 45 90 


Specific gravity of ) _ 92* 91 - 67*20 _ ^5*71 _ . 


block No. 9 


547. 


92*91 - 45*90 . 47 *01 
Repeat the pbservaJions in* the reverse order e*nd take ' 
a mean of the results obtained. 



SECTION XTI 
The Barometer* 


Apparatus required . — Fortin barometer. 


9 

In some physical experiments as, e.g.^ the determination 
of the boiling point of water, the magnitude of the atmo- 
spheric pressure aiTects the^result, and it is there- 


fore necessary to measure it. This is done by 
means of a barometer ^ Fig. 18, where AB is a 
bent tabe open at one end, containing mercury, 
which in one branch of the .tube reaches up to 
a level H, in the other up to the level K ; the 
space between H and A being a vacuum."^ If 
a horizontal line be drawn through K, so as to 
cut the mercury in the other branch *of the 
tube at K', then from hydrostatic principles the 
pressure at K must, since there is equilibrium, 
be the same as at K'. The pressure at K is the 
atmospheric pressure, the pressure at K' is 
that du^ to a colui^n of Mercury of a height 
equal to the vertical distance between* H and 
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K'. Hence the height of this coluipn will 


serve as a measure^of the atmospheric pressure. It follows 


that what we want to measure in a Jbarometer is the ver^ 
ticai distance between the ^free surfaces q^ the mercvwy in 
the two limbs of the baronseter. * 
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It remains to discuss the practica} question how this 
vertical distance js to be measured. * 

Note in the first place, that as the mercury alters its 
level in one Jimb, it must >iecessarily do so in the other. 
If the cross section of the tube is the same in both limbs, 
and the mercury falli^ a centimetre at H, it must neces- 
sarily rise by the same amount at K. Hence 
^ ^ the total diminution in the difference of level 
IJ is two centimetres.’ If the cross section of the 
Q tube at K is greater, than at H, then for a fall 
H of a centimetre at H, the rise at K will be 
I less than a centimetre ; and in general the 

I simultaneous changes of level will be inversely 

I , the areas of the free surfaces. If, as in 
I Fig. 19, the barometer tube is placed in a 
I I I trough of mercury, the leveLin the trough will 
little. Hence, to find^tho height 
of a barometer accurately, we must either 
Fio. 19 . measure directly the difference ’‘in level, or 
observe the upper surface and k^ow the ratio 
of the cross section of the tub© to that of the trough. The 
first plan is the more accurate one, and is always adopted 
in barometers which are used for scientific purposes. 

In the most common form of barometer (Fortin’s) a 
scale is attached lo the tube in such a way that an ivory 
pcjji\ter marks the level of the zero division. If this ivory 
pointer is exactly in contact witli the upper surface of 
the mercury in the trough, tho scale reading, taken in the 
manner indicated further on, should give the height of the 
barometer. 


Exekcise 

To read the Barometer accurately 

Tmset the mercury to^he ivor§ pointer , trough of 
jmercury i6 closed at its lower eiid by a flexible leather bag, 
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the bottom ISf which caii be raised or lowered by means of 
a ^rew fixed into the base of the barometer tube. If this 
screw is turned, the surface of the mercury in the trough 
moves, and may be brought just into contact with the 
pointer. This can be done to a high degree of accuracy 
if the reflection of the pointer in the mercury is watched. 
As the mercury is gradually raised, the pointer and its 
image approach, ^nd the adjustment is complete when they 
appear just to come into contact 

To read the level of the mercury in tAe t/uhe , — A Vdrnier 
IS attached to a movable tube, the bottom end of which 
should be first raised clearly above the convex surface of 
the mercury, and then carefully lowered un^il it* appears 
to bo just in contact with the mercury. Parallax is avoided 
by keeping the eye always at such a level* that the back 
lower edge of the Vernier tjube appears to coincide with the 
fropt lower edge (Fig. 20). When the setting* is made, 



Fig. 20. 


move the eye up and down to be sure that in any position 
of the eye no line of light, appears between the central 
part of the surface of the mercury a»d the edge of the 
tube. Owing to the convexity of the surface there will 
be some light at the sides. The Vernier is now read in 
tile maimer described in the exercise “ "^mier.” 

As the scale is sot vertically once for all, the reading of 
the scale and Vernier gives directly the height of the 
barometer, but before thfe atmospheric jpressure cam he 
deduped from it, some important corrections are necessary. 
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Coi'rection due to the temperature ef the mercury and 
^cale . — It is generally agreed to “ reduce ” the heights of 
the barometer to that which would be observed, if the 
scale and mercury were at a temperature of 0°C., and 
tables have been constructed which give the correction to 
be applied to tlie barometric height observed at any tem- 
perature, in order to obtain the “‘reduced ” height at 0°C. 
This correction amounts to *186 cm. if the barometer 
stands at 76 cm. and 4he temperature is 15°, provided 
the scale is made qf brass or of some metal having about 
the same coetlicient of expansion. If no tables are avail- 
able, a formula of reduction may be easily found. For, if 
a is the apparent coefficient of linear expansion of the mer- 
cury with re3pect to the material of the scale, the height 
of the barometer at 0° will become h at f where 
h — hQ{\+at). 

The correction to the observed height, A, is therefore ’-ah^t. 
If the scale is made of brass, a may be taken ^as 0'0001ffi3. 
When t is higher than 0° C., the correction has" a negative 
sign, because the observed height h is greater than the 
reduced height A^. In most '^observations it wilk be suffi- 
cient to know- the barometric height to O'l mm., and A 
may be substituted for in the correction, which may 
then (see pp, 15,, 16) be put into the form 

- [ -186 + 0 •0024(A - 76) + 0 0^24(^ - IS’)], 
w<Ii6re A represents the observed height in centimetres, and 
the correction is also given in centimetres. The second 
and third terms will be small, and arc easily calculated to 
the required degree of accuracy. The expression will in- 
troduce errors lesstthau *005 cm., so long as the product 
(A — 76) (^•— 15) is less than 30, that is if, for instancp, 
the barometer stands between 73 ai/d 79 cm., and the 
temperature lies between 5° and 25°, which is nearly always 
the case near the sei lecrel. ^ 

"fhe temperature of the mercury should be read on the 
thermometer fixed to the barometer, care being takeif that 
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• 0 

the presence of the observer while adjusting the barometer, 

doeft not introduce an error by raising the temperature of 

the air in the neighbourhood. 

% 

Correction for gravitational constant . — The barometric 
heights observed at different places are not strictly pro- 
portional to the atmospneric pressures, as they depend on 
the value of gr/^vity, which differs at diff^^rent .places. 
Thus, for the same atmospheric , pressure, the barometer 
would stand nearly 4 mm. higher at the equator than at 
the pole, because the value of gravity is about '5 * per 
cent, smaller at the former than at the latter place. 
The height above the sea level also affects the value of 
gravity. In order to make the barometer re? dings taken 
at different places comparable, they are reduced to what 
they would be, if the constant of gravitation at the place 
of observation had the saqie value as at the sea level in 
the latitude of 45°. The correction in London amounts 
to about +■*044 cm., in Manchester to +‘057 cm. 

Correction due to capillaHty, etc . — As the diameter of 
the tube is smaller than that of the trough,, there will be 
some error introduced by the convexity of the mercury 
surface, the pressure just within the free surface being 
greater than the atmospheric pressure. The exact amount 
of the correction to be applied depends on various circniji- 
stances. Barometers which are intended for very accurate 
work have tubes which are ix) wide that the error intro- 
duced by capillarity is always small. ‘^Wherever possible, 
the barometer should be ’compared 'vyth a standard in 
which the capillarity correction is eliminated. Errors of 
the scale divisions ^re often more serious than those due 
to capillarity, and must be specially determined. 

The barometer referred to belpw*has been compared 
with the standard at Kew, and found to requiie a 
corretjtion of —‘010 cm.^on the metre scale, and of 
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— 0*001 inch on the English scale. These corrections 
include that due to capillarity and that due to erroi^ of 
the scale. 

Enter and reduce the observations as follows : — 

Cm. 

Barometer reading observed . . . 75 ’235 

Attached tlierinoiTicter reading. . i . 17" 'SC. 

Cm. 

Corrcctipn du^,to latitude (Manchester) . (^57 

Cm. 

Capillarity and scale correefton . . - '010 

Correction due to temperature — (1) *- *186 
^2) +0 -0024 X *765 = + 002 

(3) - 0124 x 2 3 = - 029 -*213* 

Sum of corrections + -057 - *223= - *166 

r ta 

Reduced barometer 75 '07 

* The temperature correction may be calculated directly from 
the expression - p. 62, thus : — 

- 000163 X 75*2 x 1Z'3= - '213 mins. 

The final value is only given to two deckn/il places, as 
the corrections are not intended to be more accurate. 
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Elasticity 

Apparatus required. — Rubber band with wooden centi- 
metre scale and two glass millimetre scales, weights, 
calipers. 

When a body is changed in volume or shape, it is said 
to be strained, the deformation being called a strain. 
Strains are generally produced by forces applied to the 
surf&ces of bodies ] the inside portions of the body in that 
case, are^ kept in a state of strain by internal forces acting 
between adjacent parts of the body. These internal forces 
are QSiWQd* stresses. A stress at any point is measured by 
the resultant force per unit surface. A unit force distri- 
buted uniformly over a unit surface would therefore be a 
unit stress. • 

The relation between the stresses and the strains they 
produce is expressed by Hooke’s Law, which states tlial 
“ The stress is proportional to the strain it produces.^^ This 
law holds for small stresses only, but js sensibly correct 
for deforiafiations within the limits of elasticity, that is 
to say, for stresses which are not suflScietitly great to pro- 
duce a permanent deformation of the body. 

If a wire suspended vertically is stretched by weights, 
the strain is measured ^by the elongation per unit length, 
and the stress by the force epplied •per unit cross sectijpn. 
If the^ wire, originally of l€y;igth L, were Stretched until 
its length beccwne elongation would be measured 
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by y. If the force applied were P and the area of 

* "p 

cross section a, the stress would be - 

As the strain is measuied by a ratio of lengths, the 
numerical measure of the strain will be independent of 
the unit of length. This is not the case with the numeri- 
cal measure of the stress. The ufait of force varies directly 
as the<unit pf length adopted, while the unit of surface 
varies as th(^ square of ^Iie unit of lengtfi ; hence the unit 
of stress will vary inversely as. the unit of length. 
According to Hooke’s law - is proportional to or 

■‘.I.': 

it \j 

where M is'a constant which is called Young’s Modulus. 

The equation assumes that I is small com- 
pared to Jj. 

The object of the present exercise is to 
illustrate the method by megns of which 
Hooke’s law may be verified foV the longi- 
tudinal stretching of wires. As ^however 
in the case of‘a metal wire, the sk'etching is 
« so small that a microscope would be required 
for its measurement, an indiarubber band 
‘ which stretches considerably is taken. 
Hooke’s law under these circumstances 
cannot be expected to apply strictly, 
but the exercise will serve to show its 
general natuVe. 

An indiarubber band about 50 cms. long 
which may be attached to a suitable stand is 
provided (Fig. 21). A scale pan is attached 
to the lower end of thtj band, and two pins 
are thrust through the indiarubber so that 
I’fo. 21 . the points protrude d little on one side, the 
«other ends of the pins being cut off. The 
distance between the pointi of the two pins, wMch for 
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convenience may bS adjusted to about 40 cms., is the 
length to be measured while* the band is being stretched 
by different weights placed in the pans. In order that 
this distance may be accurately determined, two millimetre 
scales etched on the front of mirror glass are fixed to the 
stand, so that one scale* is behind each of the pins. A 
strip of silvering is removed from each mirror in orfjer that 
the centimetre divisions on the sljpnd may be seen. The 
centimetre divisions on each scale should be made to coin- 
cide with the centimetre divisions on th5 stand. • 

The positions of the pins are read on the scales, parallax 
being avoided by means of the mirror. It is most con- 
venient for tlie purpose if the scales are piqued go that 
the pins move just along the edges of the divisions. 

The load in the pan should be gradually increased to 
250 grams by the repeated addition of 50 grams, and 
then diminished to zero in the same way. The results 
should bo enfLTed as follows : — 

Rubber band No. 3. Diameter = ‘42 ern. 


Weight. 

Ucjwhng 
of uj^por 
pill. 

Reading 
of lower 
pill. 

Distance 
be tween 

^lllH. 

• 

A 

pan only 

12-6.5 

,55-84 

43-19 

1- 75- • 
1-76 

2- 06 

2 22 
2-55 
2-30 
2-13 
2-04 
1-80 
1-74 

,, 50 grins. 

12-04 

57-88 

4*4-94 

,, + 100 ,, 

13-28 

59-98 

46-70 

M + 150 ,, 

i3-cr>. 

62-42 

48-76 

n + 200 „ 

14-04 

65 -02 • 

50-98 

„ + 2/50 „ 

14;56 

68-09 

53-53 

,, + 200 ,, . • 

14-17 

65 •‘40 i 

I 51-23 

,, + 150 „ 

13*76 

62-86 

49-10 

,, ■+■ 100 ,, ^ 

13-39 

60-45 

, 47 *06 

,, -f 50 ,, 

pan only 

• 

13*03 

12*72 

.58-29 

56-24 



45-26 

43-52 


Each number in the columgi headed A is* the difference 
between the two numbers above and below it respectively 

F 2 
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in the preceding column, and it will •be seen from them 
that the addition of equal weights produces a greater and 
greater effect on the length of the string as the load 
increases, the first addition of 50 grams only producing an 
elongation of 1*75 cms., while the elongation produced by 
the increase of the load from 20Q to 250 grams was 2*55 
cms. Another fact which appears from inspection of the 
last cohimn In the above tfible, is that for the same load 
the length is slightly larger as tho weights are taken off, 
thap it was as they were being added. When the weights 
are entirely removed the string has been permanently 
lengthened. 



Fio. 22. 

Represent the result graphically . — The result of the 
e^eperiments will be rendered morp apparent to the eye 
bjk plotting the observations, as describe in «Section III. 
Horizontal distances may be taken to represent the 
weights placed on the pan, while vertical distances indi- 
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cate in cms. the excess of the length of the string between 
th^ pins over a length somewhat less than the smallest 
length measured. If the student’s note-book is divided 
into cm. squares, it will be found convenient to take the 
length of one side of a square to represent an elongation of 
*5 or 1 cm. on the vertical axis, and a weight of 10 or 20 
grams on the horizontal axis (Fig. 22). The lines drawn 
through the points observed are slightly curved** which 
shows that Hooke’s law is not strfctly true. 

We may however find ait approximate value for Young’s 
modulus of elasticity for indiarubber when the load is 
small. If r is the radius of the string, is the area 
of the cross section. An increase of weight of 50* grams 
produced an increase of length from 43*19 toP 44*94 cms. 
Hence the strain is measured by == *0403. The 

corresponding stress in grams weight per sq. cm. was 
^ and 2r was measured to be *42 cm. Hence the 
stress = = 363 grams weight per sq. cm. = 

363 X 981 dynes per sq. cm.,^and Young’s Modulus = 
■^3 ” 9000 grams per sq. cm. = 9000 X 981 dynes per 
sq. cm. • 

Measure the diameter of the iiidiaru|jber string by 
means of the screw gauge, calculate Youfig’s modulus, and 
recorfl as follows : — 

Rubber band “A.’* 

Length with pan -h 50 grams . 44-94 cms. 

I, ,, only . •. 4319 ,, 

Extonsiem for 50 grams . 1*75 ,, 

. *. Strain = 1 •75/43-19 . . = 0403e 

Radius of rubber = *42/2 . . = -21 cm# 

. *. Area of cross section = . =*138 sq^ cm. 

Stress = 50/ *138 .... =363 grams per sq. cm. 

.*. Young’s Modulus . . . =9000 ,, ,, 

• = 9000 X 98 1 dynes per sq. cm. 

=^,830,000 „ 
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ApparaliiR required . — A closed glass tube connected 
ru})ber tubing with a similar open tube, both capable of 
being moved up and down a vertical graduated scale. 

Definition . — The law of Robert Boyle, published in 
1662, states that the volMr!g£L£ifi & gas at ^onslg^ 


pI p1 



F 1 O 4 . 23. Pio, 24. 


temperature varm^ Anverseh 

sul ^f.eted . Thus consider the air enclosed by mercury in 
£fie shorter lim\) AB of the bent tube, Fig. 23. Jf the 
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tap at A is opened the mercury assumes *the same level 
in Jpoth tubes. Let* now the tap be closed. A mass of 
air of volume which we will call V, will be isolated in AB 
at atmospheric pressure — i.e. at the pressure corresponding 
to the height of the barometer at the time, which is, let 
us say, P centimetres of mercury. If mercury be now 
poured down tlie longer* limb, until the difference in the 
levels of the mercury in the two tubes (see rig. 24) is p 
centimetres, the pressure to whiclj the gas is flow subjected 
is P + jo, and the volume of gaSi in the tube AB will 
decrease, becoming equal, say, to V'. ‘Boyle^s Law states 
that : — 

V _ P + 

V “ P 

or VP = V'(P + p), 

. which signifies that the product of the volnme of a given 
\ mass of gas at constant temperature and the press^ire to 
{which it is subjected, is a constant howeX^er one o}' the two 
i^uantities iss varied. 

Exfjicise 

To verify the above LaW 

• 

An apparatus by means of which the»pressure on a gas 
may be varied at will is necessary. A bent tube, such as 
Fig. 23, would servo the purpose, but as it is difficull Ibo 
keep stopcocks tight, the end A is better closed. The 
apparatus shown in Fig. 25 has been ^und convenient to 
illustrate^ the law. A is;, a closed glass tube connected 
with an open glass ttibe B by means of tndiarubber tubing. 
Between the glass tubes is a vertical millimetre scale S, 
on which the difference of levels of the mercury columns 
in the tubes may be jread off. A and B are attached to 
movable boards which can, be sifcpended by hooks ^om 
the different holes in the s^iud carrying fiie vertical scale, 
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and thus raised or lowered. In this way the pressure to 
which the gas in the closed tube ^s subjected cai^ be 
varied. Attached to the board carrying the closec^ tube 
is a thermometer, on which the temperature of the air is 
indicated, and it will be assumed that the air in the tube 
AB is at the same temperature. In 
moving the boaid to which A is attached, 
care should be taken not to heat the 
tube ^ith the hand. 

Before commencing the experiment 
'read the barometer. 

Place the tubes A and B about the 
middle of the stand, as shown in the 
figure. Read on the scale, using the 
T-square provided, (a) the position of 
the hiside of the top of the closed tube 
A, (6) the level of the mercury in that 
tube, and {c) the level of the mercury 
in the open tube B. In e^Ich case the 
highest point of the convex c surface 
should be read as indicated in Fig. 20, 
p. 6 L . The bore of the tube A may 
be assumed to be sufficiently uniform to 
, enable the difference of the first two 
' i-eadings to be taken as proportional to 
tlie volume of air in tlie tube. 

Fia. 25, Read the thermometer attached to 

the board^ A. 

Now move the b^rd carrying the open tube B to, the 
next higher position, and take readings as before. Con- 
tinue raising B st^p by step, taking ^readings each time, 
till it is as high as it can be. To further increase the pres- 
sure to which the gas in A is subjected, lower A step by 
step, taking readings as before, till it is at its lowest posi- 
tioi^, then raise it to its*^ middle ‘^position, and bring down 
B to the same level. Take readiners a&ain in this condition. 


rmn 
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Now lower B so as to take readings of volume under 
din^inished pressure,* and continue the process till B gets 
to itiSk lowest position. Then begin to raise A, and after 
having taken it as high as it is possible without the mer- 
cury being poured out of B, bring both A and B back to 
the middle positions, and take readings. 

Record and calculate as follows : — 


JL 




If 

Barometer 75*26 cms. Apparatus No. 

• 

4. 


Closed tube. 

Ox>eii 

tube. 

Mercury. 

Temp. 

Volume 

Dlfifer- 
oiice of 
jpressurcs 
open 
— cl(»8ed. 

Total 

Product 
of pres- 
sure and 
^volume. 

Top. 

Mercury. 

of 

Air. 

pressure. 

• 

cms. 

cms. 

cms. 




cms. 


61*89 

49-91 

56*97 

19*6 

11*98 

7*0(> 

•82*32 

985 

61*89 

51*00 

65*70 

19*7 

10*89 

14*70 

89*96 

980 

61*89 

51*95 

74*55 

19*8 V 

9*94 

22*63 

97*86 1 

973 

6N89 

52*g/j 

83*55 

19*9 

9-24 

.30*90 

106*16 

980 

51*90 

• 







41*89 

• 







31*91 

24*55 

81*16 

20*2 

7-36 

56*61 

131*87 

972 

41*90 

• 



. 




51*90 

61*89 

&c. 



• 


• 


61*89 

49*92 

56*98 

20*9 

11*97 

7*06 

82 -.32 

984 

61 *89 

47*43 

40*25 

20*9 

14 *46 i 

-7*J8 

• 68*08 

983 

61*89 

45*90 

32*10 

21*0 

15*99 

- 13*80 

61*46 

983 

81*87 

59*49 

28*57 


22*38 

-30*98 

44*28 

989 


&c. 



i 


1 

* 

61*89 

49*91 j 

56*97 

21*2 

11*98 1 

• 1 

7*06 

82*32 ; 

985 


It is sSfeen that tho eriors of observation render the 
result doubtful to about 1 per cent., which is probably due 
to the difficulty of measuring the volume, correctly. 

Taking distances along a line from left to right in your 
note-book to indicate ipressures, and along a line up and 



74 


INTERMEDIATE PRACTICAL PHYSICS pakt ii 


down to represent volumes, draw a curve connecting the 
observed volumes of the gas witfi the pressuresj^, as 
follows : — 



20 40 60 80 100 120 140 

Pressures 


The curve thus obtained is a rectangular hyperbpla. 




PART ni 


HEAT 




SECTION XV 

» 

Determination of the Freezing and Boiling Points 
on a Thermometer 

» 

Apparatus required . — Two thermometers, a freezing 
point can, and a boiling point tube. * 

The object of these exercises is to test the indications 
of two theiaKiometcrs at the temperatures of melting ice 
and of Ijpiling water. 

♦ Exercjse I 

Determination of the Freezing -Point 

Two thermometers, one with a Centigradd, the other with 
a Falirfenheit scale, and a canister, perforated at the bottom 
(Fig. 26), are provided. This vessel is to be filled with 
small pieces of ice, the smaller the better, and a small can 
placed underneath so as to receive the water drained off 
the melt^g ice. The surface of the fee should be level 
with the top edge of the vessel. With rod of cross sec- 
tion equal to that of the thermometer bulb, make a vertical 
hole in the ice underneath the spring clip fixed to the can, 
which is intended to hold the thermometer. The hole 
should be of such a length ,^^at whpn the bulb is inserted 
so as to reach the bottom of it, the scale division marking 
the freezing point is at the level of the top of the canister, 
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Now insert the thermometer carefully into the opening 
made. If the eye is placed in such a position (Fig. 27) 
that the top of the can is foreshortened into a straight line, 
the freezing point should just be visible. Tap the thermo- 
meter lightly with a pencil and read the indication of the 
thermometer when it has become quite steady, estimating 
to tenths of a degree. If the thermometer stands vertical, 
while tVie liife of sight is horizontal, errors due to parallax 
are avoided. 




•Fio. 26. Fkj 27. 

The correction h/ a thermometer at a given temperature 
is^ that quantity which has to he added to the reading to 
get the true temperature. 

Hence, if a Centigrade l^hermometer reads 0®’3 when, 
placed in melting iee, which has a temperature of 0° C., 
the correction is — 0°*3. * 

Determine the correction at the freezing point for each 
of the thermometers provided, and record as follows : — 

Fqhrenheit^^^o. li\ 

c 

Observed freezing point . c 31® *8 

Correction at freezing point . +0‘’*2 
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Cenvtigradef No. 7. 

* Observed freezing point . . 0® 

Correction at freezing point . 

Exercise TI 

Determination^ of the Boiling Point 

The determination of the error of a given thornvDmeter 
at the boiling point is, for various reasons, a little more 
complicated than the correj5poiKliiig task of finding the 
error at the frt^ezing point. It is on tliis^ account that the 
determination of the freezing point has been carried out 
before that of the boiling point, although the reverse order 
is the one generally adopted in accurate thermojnetry. 









Fig. 29. 

<1 


The boiling point cannot dettft’inined by placing tiie 
thernuuneter in boiling wj>ter as the* temperature is 
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« 

affected by impurities in the water. The steam arising 
from the water is found, however, always to have* the 
same temperature, so long as the barometric pressure 
remains the same. 

The apparatus used in making the determination is 
shown in Fig. 28, with the thenijometer inserted, and its 
inner construction will bo clear from Fig. 29, where the 
arrows* indicate tlie course of the steam. The steam 
rising from the boiling water passes through the cylin- 
drical tube into Mdiich the thermometer is inserted, and 
then through an outer jacket, the object of which is to 
protect the inner vessel against the cooling action of the 
atmosphere. It is important that the pressure of the 
steam *in contact with the thermometer bulb should be 
known. If the opening througli which the steam escapes 
is moderately wide, the pressure will be sufficiently near 
the atmospheric pressure to be taken as equal to it ; but 
when great accuracy is required, the apparatus is provided 
with a manometer to determine the preissure in the inner 
tube. 

Before proceeding to find ^.he error of the thermometer 
at the boiling-point, the temperature at which water boils 
under the atmospheric pressure at the time must be 
calculated. ^ 

On the Centigrade* scale, 100° is defined as the tempera- 
tVnfe of the steam arising from water boiling under the 
barometric pressure of 76 cms. of mercury, at the sea 
level in the latitude of 45°, the mercury being at the 
temperature of freezing water. 

On the Fahrenheit scale, 212° is defined to be the tem- 
perature of the steam arising from water boiling under a 
barometric pressure of 2 9 '905 inches at the sea level in 
the latitude of London, the mercury being at the freezing 
pqjnt. « 

The two pfessures, one ^indicated by a barometric 
height of 76 cms. at latitude 45°, the other by a height 
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of 29*906 inches Greenwich, are identical, because 
alth<9ugh 76cms. is equal to 29*922 inches, the gravita- 
tional constant is not quite the same in the two places 
owing to the difference in latitude. 

If the barometric pressure is known, and differs from 
the normal, the boiling ppint may be calculated from the 
experimental fact that a difference of 1 cm. pressure of 
mercury produces approximately a differences of 0'**37 C. 
or 0°*66 F. in the boiling point; the boiling point being 
raised by an increase, ancK lowered by a decrease of 
pressure. * 

This rule will give the boiling point correct to 0° 02 C., 
for pressures varying between 73 and 80 cms. If the 
barometer stands below 7 3 cms. — as, for insttbnce,* when 
the place of observation is considerably above the sea 
level — tables which give the relation betweeil the boiling 
point and the baromej^ric prossure should be consulted. 

* «c 

The bailing pointe on the two thermometers should now 
be found as follows : — 

f • 

(1) Insert carefully one of the* thermometers into the 

apparatus (Fig. 28), so that the nominal boiling point is 
about one or two divisions above the sjjort cork slipped 
on to the thermometer to support it, and wait till the water 
boils. • • 

(2) While the thermometer is taking up its final tem- 
perature, read the barometer according J:o the instructions 
given in Svtion XII., applying the corrections. 

(3) Watch the thermometer for two or three minutes 
after it has apparently stopped rising. If the thread does 
not appear above the cork, the thermometer must be 
slightly raised. When its indication has become steady, 
push the thermometer down? till the end of, the thread ^s 
only just in sight ; then rea<> the tem]|erature indicated, 
Ostimati^pg to *1°, 

Cl 
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(4) Make corresponding observations with the other 
thermometer, reading the barometer once more to Gheck 
the previous result. 


The results are entered and reduced as follows : — 


Normal height of Ihirometer 

Observed Height 

Corrections . . . . 


7G 00 ems 

75 24 cms. 

-17 


Observed height corrected 75‘07 ,, 

IXderence . . * cm, 

Corresponding Dejn'cwiou of Roiling Point, Fahr. = '66 x ’93 = 0“ '6 
„ „ Cent. = -37 X *93 ^0" -3 


rahnnlt* tf, X<t. 7. 


% 

^ c 

Freezing 

]>oint. 

True value .... 

32" 

Observed value 

3r-8 



• 


Corrections .... 

+ 0‘’*2 

4 



Boihiig point at 
76*07 cins. jjroHsuic'. 


•2ir-4* 

212**4 


~ ro 


Ccufvjrarle, No. 7. 



Freezing 

Ul'ihng ])Oint at 


pOllll . 

76 07 ciiis. pressure. 

True value 

6" 

99"*6 

Observed value ‘ 

0"0 

96® *2 

• Corrections , . 

± 0" *0 

+ 0”-4 
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Correction and Comparison of Thermometers 

Apparatus required. — T\v/) thermometers, the errors of 
which at the freezing and boiling points *are known, and a 
vessel for heating water. 

In this exercise the indications of the two thermometers, 
for which the corrections at the freezing and boiling points 
have been previously determined, are to be ^corrected and 
compared at intermediate temperatures. 

Take one of the brass cans supported on legs whfbh raise 
it to* a suitable height for heating over a Bunsen burner, 
and fill ^t with tap, water, having a temperature probably 
lower than that of the room. Hold the two thermometers 
which are* to be compared, fogethcr in the left hand, 
with their bulbs immersed, and with the help of a stirrer 
held in the right hand, or by using the tlieri^ometers them- 
selves as a stirrer, bring the water to a uniform temperature. 
Read off the indicated temperatures. 

Heat the water by means of a burner placed under the 
can, until the temperature is about 20° C. Remove or turn 
down the burner, and after thoroughly stirring the water, read 
the thermometers. Repeat the observations at temperatures 
about 30°, 40°, and 50° C. At the higlier temperatures, 
the burner should be turned down and left under the can, 
in order to keep the temperature of the water constant for 
a minute before the thermometers are read. The stirrer 
should bo used continuously ^ut not* violently. • 

Convert the J’ahrenheit readings into readings on the 
Centigrade scale, and tabulate as folloVs : — 

G 2 



84 INTERMEDIATE PRACTICAL PHYSICS partiii 


Fahronhoit 

No. 7. 

Contigrado 

No. 7. 

Fahr. convertod 
to Cout. 

DiiTcreiictk 

C-F. 

3r-8 

0"0 

- 0“1 

+ 0“1 

60 -2 

1.5 -6 

+ 15 -7 

- 1 

73 -7 

22 -9 

23 -2 

- *3 

8S -3 

i .30 *9 

1 ‘ 31 -3 

'4 

10‘^ 1 

! 38 -5 

38 -9 

•4 

121 -6 » 1 

1 49 -3 

49 -7 

■4 

212 -4 

99 -2 

100 -2 

1 - 1 0 


The errors to wliicli a tliermomcter is liable may be 
classified under three heads : — 

(1) .Erroj-s in the fiwzing and boilin^^ points. 

(2) Errors due to the inequality of the bore of the 
thermometer tube. 

(3) Errors of graduation. , 

The magnitudes of the errors at the boiling and freezing 
points, are easily determined, as in the previous exercise. 

Errors due to inequality of the bore *may be 
corrected by a proper graduation of the tube. If the bore 
of the therm/)meter tub6 had the same width throughout, 
the maker would simply have to divide the distance 
between the freezing and normal boiling points into 100 
(or 180) parts, to get a correct scale of temperature ; but 
Wherever the bore is narrower, the degrees should be 
further apart, if an equal number of degrees is to corres- 
pond everywhere to an equul apparent increase of volume 
of the mercury. * In thermometers intended to read 
correctly to a smltll fraction of a degree, the stem, before 
being graduated, is “ calibrated ” ; that is to say, the widths 
of the bore at different points are compared by measuring 
the length of the same thread of mercury at those points. 

^ But even then enprs of ^gradufition may be present, 
through the divisions not being placed exactly where they 
should be. ' ‘ 



SECT. XVI CORRECTION OF THERMOMETERS 


85 

In the thermometers provided, the divisions are equal 
in length, and errors due to inequality of the bore may 
therefore exist. It is required to find how much of the 
observed difference between the Centigrade and Fahrenheit 
thermometers, is due to the errors at the freezing and 
boiling points, whicjh are known, and how much to 
inequalities in the bores of the tubes. 

We correct, in the first place, the readings oi the thermo- 
meters for the known errors at the freezing and boiling 
points, by the following graphical method : — 

Turn the note book in which results are recorded, so that 
the longer side of the page goes from left to right. Let 
distances from left to right represent degrees •on the 
thermometer, and distances up and down the corrections 
to be applied to tlie readings. As the corrections may be 
either positive or negative, .draw the axis of temperature 
halfc way up the page. Next fix the scales. If the note- 
book contains twqnty lines parallel to its shorter side, it 
will be possible to represent the whole range from freezing 
to boiling* water on a Fahrenheit scale if each division is 
taken to equal 10°. Hence if the left-haud corner of a 
square touching the axis of temperature is taken to corre- 
spond to 32^, the right-hand corner of the? square in the 
axis of temperature will correspond to 4^°, and so on. The 
scale of corrections is conveniently chosen so that the side %f 
each cm. square represents 0*1°. In the example given 
in the preceding section, the Fahrenheit thermometer No. 

7 read 3^°*8 at the freezing point, aSid 212°*4 when it 
should have read 211°'4. Take a poiiA therefore in the 
horizontal axis corresponding to 31°*8 (this will be a little 
to the left of the vertical axis), and pass Vertically upwards 
to the second division, which represents the correction 
+ 0°*2. Similarly at* the ^joint corresponding to 212°*4, 
go down vertically to the tenth line, wliiclf represents an 
error of — 1°*0. Join the two point® by a straight line. 
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the correction at any reading is then equal to the verti- 
cal distance from the point representing that reading, 



to the joining line. Tlie point of intersection of the 
straight line with the horizontal axis, 'gives the Ccmpera- 
ture (about 62°), at which the thermometer reads correctly. 

A similar line should now be drawn for the Centigrade 
thermometer. Here the origin may conveniently be called 
0°, and the horizontal side of each square may represent 5°C. 

Determine in this way all the corrections to the original 
headings, and construct a table as follows : — 


FAHRENHEIT, 

No. 7. 

CEN'iilGliADB, 

No. 7. 

Corrected 

F. 

reduced 

toCf 

niffer- 

CllCO 

C-P. 

Ob- 

served. 

Correc- 

tiOT). 

Cor- 
rc< 4 ^ ed. 

Ob- 

served, 

CoiTCC- 

tioii. 

Cor- 

rected. 

31" -8 

+ 0"-2 

32" -0 

0 " 

0 " 

0" 

0 " 

iO^-O 

60*2 

- -0 

8o*2 

15-6 

+ 1 

15-7 

15-7 

+ -0 

73*7 

- -1 

73-6 

22-9 

+ 1 

23-0 

231 

- -1 

88-3 

- -2 

88-1 

30-9 

- 1--1 

c310 

31-2 

- -2 

^021 

- -3 

101 -8 

38-5 


38-7 

38-8 

- -1 

121-6 


•' 121-2 

49-3 

+ •2 

49-5 

49-6 

- -1 

212-4 

1 - i -o 

211 - 4 . 

99-2 

+ •4 

99*6 

99-6 

iO-0 
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The difference^ between the two thermometers is, as the 
table shows, reduced almost to the errors of observation, 
and the principal source of the difference between the un- 
corrected readings of the two, is therefore to bo found in 
the somewhat large error of the Fahrenheit thermometer 
at the boiling point. So far as these observations go, 
they do not point to an^f serious errors of calibration. 

When a thermometer is raised to a high temperature, 
and then quickly cooled, the bulb does not contract at 
once to its original volun^e, but requires a considerable 
time, towards the end of which the diminution is taking 
place very slowly. In consequence of this, thermometers 
which have been heated considerably in the process of 
manufacture, often show a gradual rise of tljeir freezing 
points for years afterwards. It has been found that 
thermometers which after being raised to a^high tempera- 
ture arc cooled very slowly, do not show this alteration in 
their freezing points and the best thermometers *are now 
treated in this manner. 8uch thermometers, however, 
show still a tempeft’ary lowering of the freezing point after 
being heated to the temperq^ture of boiling water. The 
extent of this lowering depends pn the nature of the glass, 
and must be determined if temperatures are to be 
measured correctly to less than a tenth of ^ degree. 

Clinical thermometers, which are stiH often made of a 
kind of glass which produces a large variation of the zero 
point, should be tested from time to time, if they are 
required to indicate the temperature accurately. 

Example. — A clinical thermometer Jias been tested and 
found toHiave a correction of +0°’3 at^95® F. and — 0"’'2 
at 105® F. Assuming that the bore of the tube is 
uniform, what is the correction at 98® F. ? 



SECTION XVII 
« 

Specific Heat. I 
The Water Calorimeter 


^Apparatus required. — Calorimeter, two Centigrade ther- 
mometers, and a small flask. 


An «app aratua used for measuring quantities of heatjs 
called a calorimete r. The calorimeter used in 
thi3 present exercise, consists of a small vessel 
made of sheet copper, supported on corks and 
placed inside a larger vessel fFig. 30), which 
protects it against irregular changt^s of tem- 
perature due to air curre'nts, and to some 
extent from los^ of heat due to radiation 
and conduction to the air. Quantities of 
heat are measured by the increase of tem- 
pesature of a known mass of water, placed 
inside the calorimeter, the amount of heat 
necessary to raise 1 gram of water from 9° *5 
to 10°’5 C. being taken as the unit (called a 
gram-degree). , 

As the successful handling of a calorimeter 
requires some skill, we begin with •the simple 
exercise of mixing known quantities of hot and cold water, 
and determining, the temperature of the mixture. This 
will enable us to verify that the amount of h^t necessaiy 
to raise the temperature of 1 gram of water 1°C. at any 
tethperature iisi with sufficieiffi accuracy for our purpose 
equ^ to 1 gram-degrge defined as above. 



Fxq. 80 
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Exercise 

If a quantity M of warm water at a temperature T, be 
mixed with^a quan^ty ^ of colder water at a temperature 

and if 0 be the temperature of the mixture, the mass 
M of warm water has lost a quantity of heat, which, if we 
assume that the heat required to raise one gram of water 
one degree is the same at afil temperatures, is expressed in 
gram-degrees by M(T — d), while the cold water ‘tias 
gained an amount of heat m{d — i), and if there has been 
no other gain or loss of heat, these quantities must be 
equal. Hence • • 

M(T - e) = mje - 0 ,. . . . (1) 

t 

from which equation 0 can^be calculated. 

Xt has been assumed that th^ quantity of heat required 
to raise ascertain mass of water through one degree, is the 
same >Jhatever the temperature, and this is not strictly 
true ; but to the degree of accuracy attainable in ordinary 
calorimetrical experiments, the* error thus, introduced is 
inappreciable. 

. It is required to find how far the valtie 0 determined 
from equation (1), agrees with that foiibd by observation. 
The experiment is carried out as follows : — ^ • 

1. Two Centigrade thermometers are used, one to 
observe the temperature of the hot water, the other that 
of the cofd water in the calorimeter, ard it is necessary to 
determine whether there is any difference of the indications 
of the two thermometers when at the same temperature.' 
The hot water in the experiment will be heated to about 
60® C., and the thenfiome^rs should be compared at that 
temper^^re. Fill with w&rm water ona of the vesSels 
used, in " the comparison *of thermometers, adjust the 
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^temperature to about 50° C., place both thermometers 
inside, stir the water well, and read the temperatures 
indicated. 

Note the difference thus : — 


Thermometer No. 47 


« *» 


24 


52'*-4 

52*-3 


DiflferencQ No. 47^No. 24 = 0°*1 


2. Weigh the calorimeter empty. Place an additional 

50 grafhs oh the balance pan, and pour into the calori- 
meter sufficient water to again produce a balance. If too 
much hfis been poured into the calorimeter, add weights 
till a balance is produced. The difference between the 
total weight and that of the calorimeter alone, is , the 
weight of water added. ^ 

Place one of the thermometers in the water in the 

calorimeter. • 

• 

3. In the same way weigh out 50 grams of water in a 
two-ounce flasic, introduce the second thermometer, and 
heat slowly on a« retort stand covered with wire gauze, 
qver a small Bunsen burner. 

4. tVhile the water in the flask is heating, stir the 

water in the calorimeter, sCnd see that its temperature is 
steady. ^ 

5. When the warm water is at about 50° C., remove the 
dame, stir carefully but thoroughly with the thermometer, 
watching the latter all the time. 

• 

•6. Read an^l note Yhe tesfperatures of the water in 
the calorimeter, ^nd^ of thet warm water in the .flask, 
estimating to -^th degree, then take the thermometer out 
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of the flask, shake' the water adhering to it back into the^ 
flasK, and pour the water quickly into the calorimeter. 

7. Stir the water^ in the calorimeter and watch the 
thermometer closely as it rises ; read to degree the 
highest temperature it reaches. 

8. There will be some water left in the flask ; the 
amount which has been poured out should be fopnd by 
again weighing the flask and contents, anc? subtracting 
the weight found from the .total weight. 

The success of the experiment will depend on the quick- 
ness with which it is performed ; and a first trial will 
probably not give a satisfactory result. In that case 
repeat the experiment, but work out all *the .results, 
whether they seem satisfactory or not, making a note, 
however, of the reason why a particular experiment is not 
considered trustworth)\ ,As the hot water sliould be 
poured into the calorimeter directly the thermometer in 
the flask is read and taken out, no time is left to put the 
reading down on paper until the final temperature has also 
been read off. As the experiment will be useless if the 
temperature of the warm water* is not correctly recorded, 
proceed as follows. First read and record the whole 
number of degrees indicated by the thermometer in the 
hot water, leaving the decimal place opbn. The tempera- 
ture will only vary a few tenths of a degree while this ^s 
done. Then read the decimal of a degree and empty the 
flask. The decimal is easily remembered until time is 
found to write it down. » 

Calculate by equation (1) what the# temperature 6 of 
the mixture ought to bo, and record as in the first 
column below : — • 

Calorimeter used No. 6. 

Thermometer ir^warm water. No. 47. 

,, ,, ^aloriniAer, No ^4. 

Mass of flask and warm watci*. 75 0 75*5 grams. 

left in it* 26*1 

warm water used (M) . 49*5 49*4 
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Temperature of warm water observed on 

No. 47 .* S2°-3 65-0 C. , 

Temperature of warm water reduced to 

No. 24 (T) . . . . . . 52^-2 54*9 

Mass of calorimeteir and cold water. 71 *1 98*9 gram**. 

,, ,, ,, alone . . 21 *1 21 ’0 

Mass of water in calorimeter (m) . 50 *0 77*9 

Tempercatiirc of water in calorimeteu (0 . 17° '2 15 '5 C. 

,, ,, mixture observed . 33° *9 30*2 

Teinppratiire of niixtuie calculated with- 
out watei* equivalent of calorimeter (0) 34° ’6 30 ‘8 
Temperature of mixture calculated with 

water equi\ alent of calorimetet* (fl') . 34 ‘2 30’4 

^empeiature caldiilated — Temperature 

observed ...... '3 ’2 

Till) (lilYerenco between the observed and calculated 
values 'is d^e to three causes, all tending to make the 
observed temperature smaller than the calculated one. 
In the fii’st place, tlie«wann water is cooled by contact 
with the cooler neck of the fkisk and with the air while 
it is being poured into the calorimeter. Seqpndly,* the 
warm water heats not only the water *in the cal(jrimeter, 
but also the calorimeter itself, the stirrer, and the 
thermometer in the calorilneter. Thirdly, the calori- 
meter loses part of its heat by radiation and conduction 
to the air. 

We may eaSily determine the magnitude of the effect 
produced by the second cause. If w is the mass of 
le- calorimeter and c its specific heat, then wg is its 
thermal capacity, or, as it is called, its “ water equivalent,” 
i.e. the mass of water wlfich would require the same 
amount of heattorfiise its temperature 1°C. that^ the calori- 
meter does. ' TheSpecific heat of copper is nearly ‘1 ; the 
weight of the calorimeter and stirrer in the above example 
was 21*1 gr;ns., Aeglecting the weight of the cork feet; 
hence the water equivalent is 2'1 grms. ; the water 
e(]fii valent of the thcqmometqr is approximately ‘5 grms. 
The thermal ca|)acity of the calorimeter and accessories is 
therefore 2*6 grrfis. • This should be added to the *mass 
of water in the calorimeter, in order to get the full 
capacity 52*6 (m) oS the matter heat^, and tfaL calculation 
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of 6 repeated. Whpn this is done the calculated value ^ 
of d** becomes 34°’2 C. 

Perform another e:^riment, using about 75 grams of 
water in the calorimeter, and tabulate the results of 
the two experiments as shown above. 

It will be seen thot by taking into account the 
water equivalents of calorimeter and thermometer, the 
difference of the calculated and observed ftempferature 
has been reduced to about one half its previous value. 

The "agreement between dbserved and calculated tempera- 
tures is sufficient to justify the assumption we have m^o 
in the calculation, that the quantity of heat necessary to 
raise a given mass of water 1°C. is the same whatever the 
initial temperature of the water. * “ 
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, Specific Heat II — Water Equivalents 

« 

Apparatus required. — Calorimeter, two Centigrade ther- 
iq^meters, and a fljisk. 

/ The water equivalent of a body is the mass of water 
j which would require the same amount of heat to raise its 
,, temperature^ one degree that the body requires. The object 
of the following exercises is to show how its value may be 
determined experimentally. 

* Exercise I 

To find the Water Equivalent of a Calt/rimeter 

This can be done to a sufficient degree of accuracy by 
pouring some warm water, the temperature of which has 
been observed, into the einpty calorimeter and noting the 
fall of temperature of the water, ^irst weigh the calori- 
meter and stirfer^then place a thermometer in it. Allow 
the thermometer to remain for a few minutes, then 
observe the temperature ^ and remove it. Put into 
the flask provided, an amount of water which, when 
poured into the calorimeter will just cover the bulb of 
a thermometer placbd in the calorimeter. Place^a thermo- 
meter in the flaskHind heat to a temperature T about 35° 
C, then remove the flame and stir the water well. As 
soon as the temperature is steady, pour the water quickly, 
but carefully, from the flask into the calorimeter. Keep 
the thermometer in th^. flask with one hand while the water 
is TOing poured** out, and then^ut it quickly into the calori- 
meter, and use it- as* a stirrer. Its temperature will be 
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0 

seen to fall rapidly thitough a small range due to the, 
calorimeter and stirrer taking up from the water an amount 
of heat, which is equal to w (0 — t) where ^ is the water 
equivalent of the calorimeter and stirrer, and 0 the final i 
temperature. After the first rapid fall, the temperaturd^ 
will diminish owing to ^^adiation and conduction, and ii/^ 
order that this cooling should be slow, and therefore easily 
distinguished from the first rapid fall, which alpne concerns 
us, the temperature of the warm water should not be higher 
than about 35°. The amount of water poured into the 
calorimeter is regulated by the fact that the smaller the 
quantity the greater the fall of temperature, and therefore 
the more accurate the experiment ; on the other hand, the 
quantity of water when in the calorimeter must -be sufficient 
to cover the thermometer bulb completely. Also the parts 
of the calorimeter not in direct i^ontact \?ith the water 
should be heated by conduction to the tomperatura of the 
watpr ; and, as they are at the same time cooled by contact 
with the air, errors will be introduced if a very large por- 
tion of %ho calorimeter is not in contact with the water. 
With the apparatus provided,j it will be found that a quan- 
tity of water filling the calovimeter to abou^ one third its 
full contents will give sufficiently accurate results. 

At the end of the experiment, weigh 4;he calorimeter 
with the water it contains. Since tlie weight of the 
calorimeter has been previously determined, the mass tf 
water (M) is thus ascertained. The heat given up by 
this mass is M(T - 6)j hence, neglecting the small amount 
of heat given u]^ or absorbed by the tiliermometer, 

w{e - t} = M(T - 0), ® 

or the water equivalent w =M(T — — <). 

Repeat the experiment and record as follows ; — 
Calorimeter uSed Ng. 6 ; Thermometer No. 24. 
Temperature of calorimeter {t)*, . , .4 17® '2 1 18’3 I C. 

• „ „ warm water • I \ 33’1 j 
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Temperature of water after introduotfbn into 
* calorimeter {d). . . . . . • . 

Mass of calorimeter, stirrer and water . 

,, calorimeter and stirrer ... 

,, water used (M) 

Water equivalent w of calorimeter 6 by 

experiment 

Water equivalent w of calorimet^ir by 
weighing ....... 

( 

The value deduced from the observations, may be checked 
by calculating the water equivalent by taking th^ product 
[oibthe weight of the calorimeter, and the specific heat of 
[copper, which is about *1. This gives 1*97, a number 
jwh^h agrees, within the errors of experiment, with the 
pbservQd vajue. 


34“-2 

32*5 

76 *5 

72 4 

19 -7 

19*7 

56 -8 

52-7 

2 *0 

21 

1 -97 

1*97 


* ilglXERCISE IT 

^ find the Water Equivalent of a Thermometer 

Fill the calorimeter with sufficient vater to cover the 
bulb of a thermometer placed inside it so as just not to 
touch the bottom. The quantity of water should be 
determined by weighing lilie calorimeter empty, and with 
the water in it. Observe and record the temperature of 
the water. H§at the thermometer, the water equivalent 
of which is to be determined, in a vessel of water to about 
90°C,f then take it out, dry the bulb with a cloth, and 
immerse it in the water of the calorimeter, noting its tem- 
perature just before immersion. Observe the rise of 
the temperature of*the w,ater by means of the thprmometer 
^bich stands in the calorimeter. 

Kepeat the experiment. 

The student should write down the equation giving the 
water equivalent w, in .terms of T the temperature of the 
jh^l^ted thermometer, ^•the initial, 6 the final temperature 
of the calorim^r, M the tojal mass of water heated, i*e* 
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the witter in the calorimeter and the wa,ter equivalent of 
the calorimeter, and from the observationR calculate the 
water equivalent. ^ 

' Record as follows : — ^ 

Calorimeter No. 6. 

Thermometer in calorimeter No. 24. ^ 

Water equivalent thermometer No. 25. 

Mass of w^ater in calorimeter . • . . . 28*1 : 30 grams. 

Water equivalent of calorimeter . . •2*0 I 2 *0 „ 

Total water equivalent (M) . . . . 30*1 ! 32 '0 ,, 

Temperature of heated thermometer (T) . 78*2 j 79° *2 C. 

Initial temperature of calorimeter (0 . . 18*4 | 17° '3 C. 

Final temperature of calorimeter (0) . . 19*3 ! 18° *3 0. 

.*. Water equivalent of thermometer 25 . *46 1 *5 gram. 

The last two exercises are exampl&s of the two general 
methods in use in calorimetry. In the first exercise a 
quantity ^ ?f heat was determined by the decrease of 
temperati^re of a given mass of water from which it was 
abstracted, in the second by the increase of temperature 
of a mass to which it was imparted. 



SECTION XIX 

Specific Heat. III. — Determination of Specific 

Heats by the Method of Mixtures 

Ap^yaratns required. — Calorimeter, heater and two 
thermometers. * 

The exercise in this section consists in finding the 
specific heat C of a solid, by heating a known mass M to 
a temperature T, and quickly immersing it in a mass m 
of a liquid at, a temperature and which has no chemical 
action on the solid. If c is the specific heat of the liquid, 
tv the water oc^aivalent of the calorimeter and the thermo- 
meter, and 0 the linal temperature of the mixture, then, 
equating the quantity of heat lost by the hot body to that 
gained by the calorimeter, we have 

C. M(T - e) = (c. m + m;)(0 - t). 

This equation sliows us that if the specific heat of either 
the solid or the liquid is known, that of the other can be 
found by the above method. 

In the following exercise the specific heat of marble is 
found by mixing it with watqf the ‘specific heat of which 
is 1. Puttings 0 = 1 in the above equation we find 

C, M{T - (f) = (m + w) ($ - t). 

An apparatus in ^ich the marble can b^ heated to a 
* 'J^mperature near the boiling point ^ of water is provided. 
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The marble is place^ in a tube ^ (Fig. 31), whicK by® 
meafts of a stopper P is fitted into an outer vessel K, con- 
taining water. The stopper should be taken out to see 
that the outer tube is about one-third full of water, then 
replaced. 

The apparatus is provided with a tube B -through which, 
-when the water is heated, the steam escapes. This tube 



should be of such form and length, that when the vessel is 
tilted, as in Fig. 32, so as to deliver its contents into the 
calorimeter, no water escapes. Test that this is so beforS 
commencing the experiment, then proceed as follows ; — 

1. AVeigh out sufficient marble to filj the inner tube of 
the heater about two-thirds full, place jJ[)out one half of 
the marble in the tube, then put ih the thermometer and 
pack the rest of the marble round it. , 

2. Place the heater on a retort stand and light the 
Bunsen burner. Place a can under the end of the bent 
tube to catch any water comitig from it. Lewer the flame 
SQ as^o keep the water just kt)iling, vichil^ the rest of the 
p eparations are being made. 

H 2 
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3. Weigh the calorimeter and stip^r. Pour into the 
calorimeter sufficient water to fill it a little over half* full 
and weigh again. Place in it a thermometer, and observe 
the temperature when it has become steady. 

4. When the water in the heater has been boiling for 
a few minutes, the temperature of the thermometer in the 
marble will be found to keep steady somewhere about 99*^' 
or 100° C. (possibly if the barometer is very high, slightly 
above 100° C.). When this has been the case for five 
minutes, record the temperature. Read and record the 
temperature of the calorimeter, then take the thermometer 
out of the heater, remove the heater from the stand with 
the help of< the baize wrapped round it, and quickly empty 
the marble into the calorimeter, removing the thermo- 
meter from th3 calorimeter for an instant while the marble 
is being poured in. The heater should be kept as short a 
time as possible in the neighbourhood of the calorimeter, 
as it will heat that vessel by radiation. 

5. Stir the marble and water in tlie calorimeter well, 

and read the temperature to which the thermometer placed 
in it rises. ^ • 

6. Repeat the experiment. ^ 

Enter and reduce the observations as in the following 
(^xjmple of a determination of the specific heat of iron. 


Calorimeter used, No. 6. 


Thermometer in Heater No. 35. 
•*>» * >» Calorimeter No. 43. 


Mass of iron borings (M) 

Mass of water in calorimeter {m ) . 
Water equivalent of calorimeter and 
thermometer (pfeviously determined) 
Total watei* heated .... 
Temperature of iron (T) 

€ „ „ calorimeter (0 

„ mixture (0). 

specific Heat of iion calculated^ . 


50 

661 . 

92 '2 

104T 

5 '0 

60 

97 ’2 

1091 

99*1 

99-2 

18**2 

19*1 

22*-8 

23*5 

•in 

•IIH 


grams 




C 
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Note , — Instead of weighing out the marble and water used* 
sepamtely, we might fii^t weigh the caloHmet^ empty, then when 
filled with the water, and finaUy at the end of the experiment when 
it contains both water and marble. 

As regards the precautions to be taken and the accuracy 
to be expected, we remark that the rise of temperature 
in the above example was 4°*6 C. An error of reading of 
one-tenth of a degree would therefore produqp an Orror of 
2 per cent, in the calculated specific heat. This, then, is 
the accuracy at which we might reasonably aim. The dif- 
ference of temperature recorded by the thermometer will 
not be ii) error to that extent owing to the errors of the 
thermometer at 0° and at 100®, which therefore need not 
be known. Similarly the thermometer in tha heater will 
not, as a rule, show an error so great as 1® near the 
boiling point. If in the above e^mple, the temperature 
of the iron had been 100® ipsteadof 99®‘l as indioated*by 
the thermometer, an error of about 1*5 per cent, would 
have resulted, as the iron would have cooled through 77®*2 
instead *of 76®*3, as assumed. If the error of the therrao- 
meter at the boiling point is known, it may, however, be 
taken into account. The weights should bo, correct to less 
than,^ per cent., that is to say, to about half a gram. 

No account has been taken of the loss oi heat from the 
calorimeter by radiation, which takes place after the 
marble h4s been introduced and before the final temperas 
ture is measured. On the other hand, there is a gain of 
heat by radiation from the heater, which will tend to 
counterbalance this loss. See p. 1 06 fer a simple method 
of applying a correction to the observed t’esults. 

The same method of procedure may be •adopted in other 
cases, e.ff, to find the specific heat c. of a liquid, given that 
c. for a solid on whicl>it has no chemical action. 

If the two act chemically* en each* other, .the solid mdy 
be enclosed in a closed glass er other ^vessel on which the 
liquid has no action. The beat absorbea or liberated by 
the vessel must then be taken into e^count. 



SECTION XX 

Latent Heats 

Aj^paratus required. — Calorimeter, thermometer, ice, 
flask, delivery tube, and condenser. 

When a substance is to be converted from the solid into 
the liquid, #or from the liquid into the gaseous state, a 
certain amount of heat has to be supplied to the substance, 
which produciS^s no cha;igc of temperature. This amount 
of ♦heat, is called the Latent Heat of fusion or of evapora- 
tion respectively. 

In either case it is generally found by passing* the sub- 
stance in its hotter state into a cool calorimiyter, the 
temperature of which is raised in consequence. From 
the increase of temperature of the calorimeter the amount 
of heat imparted to it may te calculated. Tliis amount 
of heat has been given up by the hot substance in changing 
its state, and in further cooling to the final temperature 
c*f t'he calorimeter. If the specific heat of the substance 
is known, the second portion of this heat can be calcu- 
lated, and the Latent Heat, which is the first portion, may 
be found by subtraction. 

«> 

Exercise I 

Determination of the Latent Heat of Fusion of 
Ice or Latent Heat jof Water 

In thi s cpieL the^ual‘l)r^e^^^ *is reversed, and the ice at 
0’ C. ^illSnBuced into a caforimeter containinff water at 
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a few degrees above the temperature of the room. In 
consequence of the hteat absorbed by the ice in melting* 
the temperature of the water in the calorimeter falls. 

Weigh the calorimeter provided, and place in it 
sufficient water at about 20® C. to fill it a little over half 
full. Weigh again to find the water contained. Place 
a thermometer in the water and record its reading. Select 
a piece of ice about 10 grams in weight from the ace pro- 
vided, dry it with blotting paper, and place it, without 
touching it with the fingers, in the calorimeter. Move it 
about in the water by means of the stirrer, keeping it idl 
the time under water. 

Take readings of tlie thermometer every half minute till 
the temperature ceases falling and begins to ^se. • 

Weigh the calorimeter and contents again. 

llepeat the experiment. 

If M is the mass of ice at^® C., 
e L „ latent heat of water, 

%i , , mass of water in the calorimeter, 

* ,, initial temperature of calorimeter, 

B ,, final ,, »» »> 

to ,, water equivalent? of calorimeter and thermometer, 

the heat lost by the calo^nieter , 

. = [m + to) {t - 0) 

# 

and the heat absorbed by the ice ^ 

= M,L + M.0 = M (L + e). 

These two amounts of heats must be equal. 

Hence 

L = (< - e) - «» 

M 


Record as follows : — 


Weight of calorimeter . . . .55 1 55*1 grams. 

,, ,, ,, and water . . 2011 217*2 ,, 

,, „ water (m) . • • • • • 146*0 162*1 ^ 

,, ,, calorimeter and contents at end 214*3 231*2 ,, 

,, ice added (M) . • , . ^ 13*2 14*0 ,, 
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Water cquivaltnt of calorimeter (w) , 

6-5 

5*5 grami 

Total water (m + w) . . . . , 

151-6 

167*6 

Initial temperature (i) . 

22 3 

23*3 C.' 

Final temperature (0) . 

14*2 

15'4 C. 

Latent heat of - fusion of ice or latent ( 
heat of water . . . $ 

79 0 

= 79*6 


, Exercise JI 

Determination of the Latent Heat of Evaporation 
t of Water or Latent Heat of Steam 
Weigh the calorimeter and stirrer and the condensing 
vessel provided, then fill the calorimeter to within^ 2 cms. 
of the top with water at the temperature of the room, and 
weigh again. 



Fio. Sb. 


Test whether the flask and rubber- tipped delivery tube 
can be arranged as shown in Fig. 33,. The rubber should 
loosely into the end of the ^eondenser, so that the joint 
ii^n €^ly be made or broken. It need not be stpam 
tight. Disconnect the condenser from the delivery tube 
and boil the water in the flask gently, th^ steam being 
^^ed to escape izrto the air. 
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Observe the temperature of the water in tte calorimeter,^ 
and^t a given instaftt to be noted, place the calorimeter 
in position, inserting the end of the delivery tube into the 
top of the tube of the condenser. The steam condenses 
and the water in the calorimeter rises in temperature. 
Observe the thermometer every half-minute, keeping 
water well stirred, and when the temperature reaches 30® 0. 
remove the delivery tube from the condenser. « • 

Observe the temperature of the calorimeter every half 
minute .for 2 minutes aftef the highest temperature has 
been reached, then remove the condenser, dry its outside 
surface, and weigh it with its contents again. 

Write down the equation to determine the Latent Heat 
of steam, using the symbols L, m, t, &c., with tke mdia«nings 
given below. 

Tabulate the observations as follpws : — • 


First Experiment. 


3^ 30m*5 

16® *6 steam on 

3h aSin -S 

29® *5 steam off 

a#*-. 

31® • 

34 ™ *5 

30®7 

35 

30® -5 

, 35 5 

30® -4 

36 

30® *3 


Second Experiment. 


4h 25™ -5 

13®*0 steam on 

4h 27^*5 

31® *7 steam off 

28™ 

33® 1 

28™ *5 

33®-3 

29 

33® 0 

2?)-5 

, 32® -8 

30 

32® *5 

30'5 

32®-3 


Weight of calorimeter empty 
„ ,, and water 

Hence mass of water {m) . 

Weight of condenser empty 
Weigh tb of condenser and water after con 
densation of steam .... 
Hence mass of steam condensed (iif) . 
Water equivalent of calorimeter and con 

. denser {w) 

Total water equivalents ^ . 

Initial temperature of caldrimetsr (0 * 
Highest temperature of calorimeter (0) 
Henoa latent heat L of steam a5 lOO** C. 
(uncorreoted for cooling) 


Eirst 

Second 

Experiment. 

Experiment. 

grams. 

gramp. 

64-6 

55-0 

161-9 

153-1 

107*3 

98-1 

•40*0 

40-1 

4*2*9 

43*7 

22^ 

3-6 

9-4 

9-5 

116-7 

107-6 

16® -6 

13® -0 

ar-Oi 


519 

531 
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* Students will notice that the temperature continues to 
rise for a short time after the steaVn is cut off. This is 
due to the fact that it takes some time for the water in 
the condenser to give up its heat till its temperature 
becomes equal to that of the water in the calorimeter. 

^ It is necessary to point out some sources of error to 
which these experiments are liable, and for which no 
allowance hgs been made. In the first place it was as- 
sumed in the calculation that the steam condensed at 
100° C., and unless the baromelter stands exactly at^76 cms. 
this will not b5 correct. Since however a change of 
three centimetres in the height of the barometer 
will only change the calculated value of the latent 
heat by one unit, and other probable errors cause much 
larger differences, it is not necessary in an experiment 
of this kind, •which dqes not lay claim to great accuracy, 
to takei account of the variations of the boiling point of 
water due to changes of pressure. 

A considerable error is introduced by the assumption 
that the heat which enters the calorimeter, all ?icrves to 
heat up the water, and that none escapes by radiation, 
conduction, ajid convection. 

In accurate calorimetric experiments a so-called “ cooling 
correction ” haw to be applied to the final readings of the 
thermometer, to give the temperature which would have 
heen observed if all the heat had been retained in the 
calorimeter. The methods of finding and applying this 
correction are outside the range of this book, but we 
shall in the preseat instance show how a rough estimate 
of it may be made. It is for this purpose that students 
have been instructed to read tho thermometer after it 
has reachecl iffcs maximum. Referring back to the 
e](tamples given, it will be found that in the first 
experiment the thermometer^ fell • 0°’7 during the next 
twa^ minutes* after Veachiifg its highest point. This 
fall indicates tjiat. the afiiount of heat lost by the 
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calorimeter owing to convection, &c., was sufficient^ 
to lower its temperature 0°‘7 in two minutes. The 
interval of time between the introduction of steam, and the 
thermometer reaching its highest reading, was 3^ minutes, 
and if during the whole of that time, the loss of heat had 
been the same as at *the end of the experiment, the 
heat lost in the 3^ minutes would have caused a fall of the 
thermometer amounting to = 1°'2. But the heat 

lost by the calorimeter depends on the excess of its tem- 
perature above tliat of the surroundings. At the be- 
ginning of the experiment the calorimeter was at the same 
temperature as the air surrounding it, and therefore no 
heat was lost, but as the temperature of the calorimeter 
rose higher, more and more heat was given ^ip. *If the 
amount of heat lost by radiation increases in proportion to 
the rise of temperature, the average loss per unit time over 
the whole interval, is only half the loss per uftit time 
at the. end of the experiment. Approximately, therefore, 
the los|f of heat due to radiation, from the time steam 
was introduced, to the time the thermometer reached its 
highest point, is only half *the amount stated above, 
i.e. it produced a fall of temperature of 0°*6, which is the 
cooling correction required. In this experiment therefore 
the highest temperature reached would ha/e been 31°’6 if 
the calorimeter had been protected* against all loss. 
Similarly in the second experiment the highest reading; 
of the thermometer would have been 33°*7. 

Correct the observations in tliis manner for cooling, 
and calculate the latent heat with the* corrected tempera- 
tures, entering the results as follows : 

Highest temperature of calorimeter cor- • 

rected for cooling . , . . 31“ '6 33“ *7 

Latent heat of steam^ (corrected) . . 536 554 

This exorcise on the IdJtent heat of ateam has befti 
intfbduced here, as it forms atiseful e^6r(^se in calorimetric 
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• work, but accfiirate results cannot be expected unless very 
great precautions are taken. The simple apparatus liere 
described is found to give more consistent results than 
other forms, in which the steam is led directly into the 
water without a condenser being used. The results may 
be rendered more accurate by •weighing the condenser 
empty and with the water condensed in it apart from the 
calorinleter in a more delicate balance. 

The first experimemt given above, has led to a result 
which is very near the trutli^ while thp value obtained 
In the second experiment, differs rather more than usual 
from the correct number. Students should have no diflBl- 
culty in obtaining results which do not show errors greater 
than ^ per Cent. 


As the condensed vapour is not brought into contact 
with the liquid of the caloHmcter, the same apparatus 
and method may be used to determine the latent heat of 
vaporisation of any liquid. ' ‘ 

If the latent heat of vaporisation L, the specific heat 
O, and the boding point T of a liquid are given, the same 
apparatus and method woufd serve to determine the 
specific heat c «•£ any liquid used as condensing liquid in 
the calorimeter. The equation connecting these quantities 
'S^itb the initial temperature t and final 0 of the calori- 
meter being : 

M(L +^C,T - €) = (jne -r w) (0 -r 0* 



SECTION XXI 
Melting and Boiling Points 

Apparatus required, — Test-tube with naphthalene, two 
thermometers, flask, carbon tetrachloride, water bath, and 
condenser. 

If a crystalline solid is heated, it is converted at a 
certain well-marked temperature into a liquid, which if 
allowed to cool, solidifles • again at the same tempera- 
ture? .This temperature is called the melting point of the 
solid, oftthe freezing point of the liquid. If the solid is non- 
crystalline or amorphous, like wax and the fats, the change 
from solid to liquid, or vice v^sd, takes place gradually, so 
that it is ditflcult to state at wliat temperature the solid 
melts, or the liquid freezes. 

Exercise I 

Determination of the Melting Point of 
Naphthalene ^ 

The* test-tube provided contains a quSntity of naphtha- 
lene, in which the bulb of the thermometejjg embedded. 

Support the test-tube in a clamp, and place under it on a 
tripod, a beaker containing water. Lower the test- 
tube into the beaker, ’till tbe wate^ outside reaches up to 
the level of the surface of ttie naphthalene 'nnside the tu^ 
Place a thermometer in the water imthq beaker. 
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f, Raise the temperature of the water to 70° C., then 
lower the flame, and continue the heating slowly, watcning 
the naphthalene carefully, to see when it begins to melt 
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at points in contact with the wall6 of the test-tube. 
When this occurs note the temperature of the water and 
keep it constant by further lowering the flame or removing 
it entirely. Keep the thermometer and mass of un melted 
naphthalene atj:ached to its bulb in motion, find observe 
the reading on it ^.very half-minute, noting that it remains 
pearly constant while the solid is melting. 

When the naphthalene round the bulb of the thermo- 
meter begins to melt, and allows the mercury to be seen, 
observe the tcmper/iture, and take this temperature as the 
melting point. Observe the temperature for three minutes, 
during which it will be found to rise. 

Now remoTb'-*ihe beaker, dry the outside of the test- 
tube, and allow it to cool by losing heat to the air, ob- 
serving the temperature every half-minute till the sub- 
iftance is solid.^ The temperaiiure will be found to remain 
constant while the liquid is solidifying, but will decrease 
at other times. ^Take the constant temperature as the 
freezing point of the liquid. 
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Cotnpare the two results obtained as follows : — 

Melting point =78® *8 0. 

Freezing point =78“-7 C. 

Draw a curve showingothe rise and fall of temperature, 
from six half-minute intervals before, to six half-minutes, 
after, the melting and freezing respectively. , 

In the same way if heat is supplied to a liquid, at 

a definite temperature <lepending on tlie atmospheidc 
pressure at the time of observation, the liqqid is 
converted into vapour, remaining at the same tempera- 
ture till the whole of it is vaporised. The temperature 
indicated by a thermometer in the liquid itself, ..is slightly 
influenced by dissolved salts and by the nature of the 
vessel, but that indicated by a thermometer in the steam, 
is dependent on tlie liciuid and the pressure only. , 

This latter temperature is called the boiling point of 
the liquid under the observed pressure. 


Exercise II 

Determination of the Boiling- Point of Carbon 
Tetrachloride. ^ 

Pour sufficient carbon tetrachloride into tln^ flask pro- ^ 
vided to form a layer about 2 cms. in thickness, and 
support the flask on a shallow water bath in such a way 
that the level of the surface of the water^outside, is a little 
above that of the liquid inside. Inserb into the flask 
through the cork a thermometer, the bulb of which should 
be about 2 cms. above the surface of th&^iifuid, and a 
delivery tube, the other end of which passes into the neck 
of a small flask, placed* in cold water to serve as a con- 
denser. (Fig. 34.) ^ 

Heat the bath slowly, obser-^ing the temperature every 
minute. When the liquid begins to boil,^ turn down the 
flame so that the boiling goes on gently. Notice that the 
indication of the thermometer renfain^ constant. The 
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temperature indicated is the boiling point of the liquid 
under the atmospheric pressure at the time, which should 
be read on the barometer. Reduce the observation to 



76 cms. pressure by using the known fact, that the 
boiling point of carbon tetrachloride changes 0°*4 C. for a 
variation of 1 cm. in the pressure. 

Observed boiling point at 74*9 cms. . 76'' *7 C. 

Calculated 1, 76*0 . . 77®*1 C. 

SfiGTIONS XXIa and XXIb 
T hese sections appear as Appendi^c A, page 230. 


- r , 
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LIGHT 




SECTION XXII 

Beflection at a Plano 

•• 

Apparatus required . — Drawing board, mirror and sup- 
port, sighting rod, and cm. scale. 

X. Formation of Images by a Plane Mirror** 

Let Q be a small object in front of a reflecting surface 



AO (Fig. 35). Draw rays QO, Q^O, &c. from Q. These’ 
will be reflected according to the laws of reflection, along 
OR, OjRj, so that in each case the incident and reflected 
rays and the normal to the reflecting sur/ace at the point 
of incidence are in the same plane, and the two rays 
make equal angles with the noimial on opysitil sides of it. 
It can be proved by elementary geometry ^hat these 
reflected rays when produced backwards, will all intersect 
in a point such that a lir^^Q is at right angles to the* 
reflecting surface, and the i^int q as far behind the 
surface as Q is in front. * • 

I 2 
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^ To an eye placed at any point E, the reflected rays^wil 
therefore appear to come from 9 , and the point q ia callec 
the image of Q. 

Exercise. 

I 

To verify that the image is as far behind a phtne reflect 
ing surface the object is in front. 

( 1 ) jBy the sighting method. 

* 

Place a pin Q^vertically in front of a strip of mirror A 
which is supported on a horizontal drawing board by a clip 
so that its reflecting surface is vertical (Figs. 36 and 38) 



To And the position of the image g, use the apparatua 
shown ixi Fig. 37. • Pi P 2 is a bent rod with two needles 
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«or pins at its ends parallel eac^ other. Shut one eye 
: and place Pj ^2 such apposition (Fig. 38), that when 
r^^he open eye is xbofit 20 cms. behind P 2 t the points of the 
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pin| Pj P 2 and q are in the same straight line. Mark thet 
positions of Pj and Repeat the experiment with ^he 
eye in different positions. Draw a line on the paper along 
the aUvered surface of the mirror at which the reflection 



takes place, and take away the miiu’or. The lines joining 
the points Pj and Pg, P/ and Pg', &c., should, wh*en pro- 
duced, all intersect in the same point and qK and QA 
will be found to be*nearly equal to each other. Owing to 
the refraction of the Kght through the glass in front of the 
silvered surface, tffe image wiM be about J of the thickness 
of the glass nearer to the reflecting surface * 0 ! the mirror 
than the calculated position. {See Fig. 42, p. 122.) 

{^) By the parallax method, , 

Place the mirror A and pin Q as before. The image of 
Q will be q (Fig, 39). Look straight at the rSirror with 
one eye only, placed so that the pin Q nearly covers the 
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• • w 

image 9 . Place a pin Q" verfically, so that the upper pari 
of it appears continuous with the image ^of the lower part 
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the pin at Q, seen in the mirror,, Q' will then be on 
the line passing though q and the eye, but it may be in 
front of or behind q. Now move the eye to the left so that 
the mirror is looked at obliquely. If the needle Q' appears 
to the right of the image q^ it is too near the mirror, if to 
the left as in the figure, it is too far away. In the former 
case i^ove it a few millimetres further away from the 
mirror in a elireciion perpendicular to the mirror. Place 
the eye again so that Q nearly^covers its image g, and see 
^ that Q' still appears to be continuous with g. Move the 
eye aga^n to the left and see whether the two still appear 
continuous. If not, move the pin again, and repeat the 
observations. By this method, a position of the pin will 
be found such that, whatever the direction in which the 
eye looks, the ^ image g of the lower part of the pin Q, and 
the upjper part of the pin Q' appear to be continuous. The 
shifting of the imago g and the pin Q' over each other, 
when the latter is not in its proper position, is called paral- 
lax. When there is no longer parallan, draw a pqpcil line 
on the paper to mark the position cff^ the silvered surface 
of the mirror. Measure th6 distances 6t the pins from this 
line by means of a glass foillimetre scale, laid on the paper 
with the graduations on the under surface, or with a wooden 
scale placed on edge so that the graduations extend to the 
surface of the paper. 

Repeat V the experiment with Q at different distances 
from the mirror. 

The student should make a reduced copy in his note-book 
of the lines on tjie drawing paper, and state the observed 
lengths of AQ, Ag, (S^c., in each case. 
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Beflraction at a Plane 

Apparatus required , — Drawing board, glasu cube, sight- 
ing rod, and drawing instruments. 

iSxplanation of the Laws of Refraction 

Let 10 (Fig. 40) be a ray of light in air, which falls at 
0 on a surface MM' of glass or water. 



Fig. 40 


With centre 0 describe a circle IMM', draw the normal 
NON' to the surface MM', and II' perpendicular to ON. 
The r?iy 10 on entering the lower mediun^ which is optically 
denser than the upper, will continue in the plane containing 
ON and 01 (first law of refraction), Jput Vill bo bent 
towards the normal NN'. * 

Let OR be the refracted ray, then the angle lOI' is 
called the angle of incidflpce, and the angle ROR' tho 
angle of refraction. Through R the point of intersection 
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of the refractKid ray and the circle draw the line RR' per- 
•'pendiculai' to the normal and intersecting the ^imal in R^ 
It has been found experimentally, that the ratio of the 
lines II' and RR' to each other is the same whatever the 
angle of incidence. If the first medium is air, this ratio 
is culled the refractive index /i, oc* index of refraction of 
the second irfedium. The index of refraction is different 
for rayc of different colours, increasing from red through 
the yellow, ^reen, and blue to the violet. The following 
table gives for several media* the approximate refractive 
indices ^or yellow light : — 

Diamond 2*44 to 2*75 

Flint glass . . 1 *58 to 1 *64 

Crown glass . 1 *53 to 1 ’66 

Bisulphicia of carbon I *68 

Water . . 1*33 


We may therefore tajte the index of refraction of crown 
glass as -3, and of water as -J. ^ 

The ratio IT' to OT in the right-angled triangle 1 01' of 
the above figure, is called the sine of the angle lOI'. Simi- 
larly the ratio RR' to OR is the sine of the angle ROR'. 
Hence : — • 


Sinn angle of inci^nce _ ()I _ IT OR 
•Sine^angie of refraction ~ RR' ~ RK' ~0i 
OR 


bnt OR = 01, and ~ 

Sine angle of incidence 
biine ang^e of refraction 


refractive index, 
refractive index. 


This is the second law of refraction, called after its dis- 
coverer Snell's Law. 

a ' Exercise I 


To verify Snell’s^ Law 

; Place the <vibe prdvided on the paper with the line 
drawn along one. surface pafallel to an edge vertical. By 
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means of the sighting rod Pg (Fig. 41), sight the lower^ 
pari of thei»line R f^oln three positions on the opposite 

R 


M 


Kia. 41. 

side of the cube tojbhe line. The directions of the three 
emergent rays PiPa? Pi P 2 » obtained. Mark 

on the board, MM tfie projeciaon of the refracting surface, 
and R the projection of the vertical line oa the cube, and 
take away Jihe cube. Produce PjPg backwards until it meets 
the face of the cube in O. Join RO. RO will be the 
ray incident on MM', which on emergence passes through 
PjPg. Diuw ftN normal to MM', and produce PgO th 
intersect RN in I. 

By a general law in Optics, the course of a ray can be ^ 

reversed without altering its path, herfbe if the ray going 

from R to Pg takes the path RO, OPg a ray going from 

Pg to R would take the path PgO, OR. |n the latter case, 

since RN is normal to the suiiace MIWP, OIN would be 

the angle of incidence, and ORN the angle of refraction*. 

Hence by the law of fefradion , 

sineOlN l- • a ' 

— ycsis = rtfractive index, 

•me ORN • • ’ 
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j but sine OIN = and sine ORN =*^^* 

Hence index of refraction = x = -gj • 

Measure OR and 01, calculate their ratio, repeat for 
ray^ at other inclinsjtions to the surface and record 

as follows ; — 

Cube, No. 20. 


- .pK. 

or. 

OR/OI =#4. 

4*49 

3 00* ‘ 

1*50 

4 79 

318 

1-51 

4-98 

3*30 

1-51 

— 

— 

— . — 


If if- is found that OR/OI is the same whatever the 
direction of the emergent ray, SnelPs law will have been 
verified. , 

It will be found that the various sighting . lines 
Pj'Pg , <fec., when produced backwards, intersect nearly at 
the same point I on the line RN. This is due to the «fact 
that if the point O is not far from N, *1110 ratio OR to 01 
is nearly equal to the ratio NR to NX-^hich ratio is there- 
fore nearly equal to the refractive index. 

The student should draw a reduced diagram in his note- 
book, and should give the lengths of all the lines jneasured, 
and the refractive index calculated from each pair, as above. 
^ We can now understand why in reflection at an ordinary 


M 



7 9 


SECT. XXIII 


REFRACTION AT A PLANE 


m 


mirror, the image is ijot quite so far behind^the reflecting 
surface, as the object ^s in front. The rays from Q (Fig. 
42) are refracted at the surface of the glass on entering 
and emerging, and this causes the reflected ray to appear 
to come from q\ and not from g, where Aq = AQ. 

Exercise II 

Geometrical Construction for the Reacted Ray 
It has been seen tliat if^ the index of (i^l^ction of the 
denser nfwlium is /i, the line II' (Fig. 40) is fi times RR', 
hence if the ray 10 and the index /t Were giwn, the ' 
direction of the ray OR could bo found by measuring 
along OM a length equal to II' divided by /a, and 
letting fall from the end of this length, a jierperfQicular 
to MM', cutting the circle IMM' in R. This method 
involves drawing for each incident ray the* perpendicular 
II', measuring it, and cutting off from OM a length equal 
to II 7 /a. The following method is more convenient. 

With centre 0 (Fig. 43) draw two circles with radii pro- 
portional respectively/to the indices of refraction of the two 
media, i.e. 1 and fi. Let the rfiy 10, traversing the medium 
of index 1 cut the circle of riidius 1 in I. Let fall from I a 



perpendicular IN to the surfcce of separation of the two 
media, and produce this perpendicular upwards to cut the 
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circle of radiiis /x- in K. Join KO and produce to R ; OR 
is the refracted raj in the medium of index fi. 

For, sine OIN = ON/OI, and sine OKN = ON/OK 
Bine OIN ON OK OK _ 

■ ■ sine OKN “ OI ‘ ON ~ OI 
' and angle OIN = angle 61 incidence 

,, ,, OKN = »» ,» refraction. 

Hence th^ construction m^^es the sines of these angles 
have the proj^;! ratio to each other. 

The student should draw in his note-book, using, the same 
pair oft circles, the refracted rays corresponding to rays 
incident at angles of 10°, 20°, &c., 80°, on the surface of a 
medium of which the index of refraction is 1 *55, and should 
notice'^that ^he refracted rays due to rays incident at angles 
nearly 90°, make with the normal angles much less than 90°. 

If we consider rays in the dense medium, to be incident 
at O from all directions, only^those which make an angle 
with the normal less than a certain limit, will be refracted 
into the rare medium. This limiting* angle is called the 
Critical Angle, and the rays which a^e incident af angles 
greater than the critical angle, are entirely reflected, re- 
maining in the dense mediium and constituting the ** totally 
reflected rays.” So long as an incident ray ii| capable of 
producing a refracted ray, the construction given above, 
carried out in the reverse order, will give the direction of 
Chat refracted ray, but it will be found to fail when the 
angle of incidence in the denser medium is greater than a 
certain hmit, as in the case of the ray R^O (Fig. 43). 
The normal througbK^, the point in which the ray produced 
cuts the circle of radius /x, does not cut the circle of 'radius 
1, and mustebe produced downwards to cut the outer circle 
again in anch K/ be joined to O. OK^' is then the 
totaUy reflected ray corresponding to the incident ray R^O. 
The student should draw the refracted rays produced 
rays incident at 10 , 20°, 80° on the inner surface 

of a medium of index = 
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Lenses and Mirrors. I 

Appa/ratu$ required , — Drawing instrument?!^ 

Lenses are transparent bodies, bounded by two surfaces 
which are generally spherical. • 

The line joining the centres of the two spheres oi which 
those surfaces are parts, is called the axis of the lens. 

We distinguish tw^ kinds of lenses, according to their 
action on a parallel beam of light. 

I. Lenses which change ar parallel beam of light into a 
convergent 'one, as in Fig. 44, are called converging lenses. 



Converging lenses always lu^ve their thicSest part in the 
middle. The three lenses given in f\ig. ^5 are converging 



126 INTERMEDIATE PRACTICAL ?HYSICS part iv 

P lenses. One of the bounding surfaces is always convex to 
the outside, the other may be convex (A), plane (B), or 
concave (C) ; but if it is ccncave, the curvature of the con- 
vex surface must be greater than that of the concave one. 

'f he point to which the rays of light falling on the lens 
parallel to the axis, converge after refraction, is called a 
principal focus. There are two principal foci, one on each 
side of^the l^ns, since a parallel beam of light may fall on 
the lens fromVe left or from ^ the right. If the media on 
the two sides of the lens are the same and the lews is thin, 
the two^foci will’ be at equal distances from the lens. 

The distance of either focus from the lens is called the 
focal length of the lens. The geometrical constructions and 
formulae which are given in this Section, apply only when 
the thickness of the lens is so small compared to the focal 
length, that it* becomes, immaterial whether the focal length 
is meai^ured from the surface of the lens, or from some point 
inside. If the figures which follow were accurately di^awn 
to scale, the lens would appear almost- as a line. In order 
to distinguish convex and concave lenses, we shall draw the 
lenses with an exaggerated <i.hickness, bift in dotted lines ; 
while the position of the ^-actual lens is given by a straight 
line drawn in full ; thus in Fig. 46 the lens is really 

H 



Fig. 40. 


represented by® the line HK, and the two curved lines only 
indicate that the len^ is a cdiivex one. The incident and 

c 
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refr|Lcted rays are therefore drawn straight up to the 
line HK. The sarhe holds in all the figures which 
follow. 

•> 

II. Lenses whicli change a parallel beam of light into 
a divergent beam, as in Fig. 47, are called diverging 
lenses. 

Diverging lenses always have their thinnest part) in the 
middle, as in Fig. 48. One of the boum^g surfaces is 
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always concave, the other may be concave (A), plane (B), 
or even convex (C) ; but in the lal^t case the clmcave surface 
must have h greater curvature than the convex one. 

The point F (Fig. 47), from which the beam of light seems 
to diverge after refraction, i.s called a principal focus, the 
other focus being at the same distance from the lens on 
the opposite side. 

Converging lenses are sometimes 6ailed convex, and 
diverging lenses sometimes concave, lenses. 

If a pencil of light diverging from a Wmingus point Q, 
fills a lens HK (Fig. 49), the quantity 7 qa is called the 
divergence of the incident pencil with respect to the lens. 
If the pencil after refraction* converges to Q', the quantity 
Vq'a is callej^ the convergence of the emergent pencil. 
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^ Since the hiedimn on the two sides of the lens is the 
same, there are two foci, and on opposite sides 



of the^ lens and at equal distances from it, and the quantity 
^/aPi o** ^/af 2 is called the converging power of the lens. 
In order to mo.ke our statements definite, we take for the 
point A, the point at which the plane passing through the 
edge of the lens HK cuts the axis ; but the relations which 
are given below between the distances of the object ‘^and 
image, are only approximate, and tlie errors coomitted 
are of the same order of magnitude as the thickness of 
the lens, so that these distances might, without appreciable 
difference in the error, He measured from the surface of 
the lens. The distance of the image from the^lens can be 
calculated from the following proposition, which is the more 
^nearly correct the thinner the lens. 

Convex lenses increase the convergence, or diminish the 
divergence, of an incident beam by a constant qua/ntity, 
which is 'equal to the converging 2*ower of the lens. 

In order to siiow how this proposition is applied, we 
distinguish three cases. 

s 

(1) If the luminous point is nearer to the lens than the 
j^riDcipal focus (Fig. 50), the pencil after passage through 
"^e lens, will ntill be '^divergent, but its divergence will be 
' lliminished. 
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The divergence of the incident beam is ^/aq, ^he converg- 
ing pQwor of the lens is J/aFi- Hence, the divergence of the ’ 



Fio. 50. , 

emergent beam is ^/aq - Vaf,- Thus, according to the 
above proposition, 

1 1 _ 

AQ'“AQ AJBV 

I 

(2) If the luminous point is further from the lens than 
the principal focus (Fig. 49), the converging power of the 
lens will be greater than the divergence of the pencil, and 
the emergent pencil will therefore be convergent, the con- 
vergence being given by the equation : — 

AQ'“AFi At^’ 
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(3) If the» incident beam is convergent, its convergence 
' will be increased by the lens (Fig. ^1). Hence : — « 

AQ''AQ'*'AFi 


Geometrical Constructions 

Let 52) be the axis of the lens, Fj and Fg the 

focal points, A the centre of theicns, and let Q be^ a point on 



the axis to the left of the lens and PQ a line perpendicular 
to the axis. * It is required ip find the position and size of 
the image of PQ. • 

Through P^, draw two rays, one PA through A the 
centre of the lens, and produced in the same direction 
after passing through the lens, the other PL parallel to the 
axis, meeting the plane through A perpendicular to the 
axis, iif the point L. This ray, after refraction at the lens, 
passes through tFg^; The image of P will be at the point 
of intersection P' of the two rays LFg and PA. this point 
of intersefction^may be either on the Fg or right side of 
the lens, ih which case the image is real and inverted, or 
on the Fj or left side (Fig. 53), in which case the image is 
virtual and erect. Tha first will be jound to be the case if Q is 
to the left, the second if if^is to the right of F|. Through 
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P' draw P'Q' perpendicular to the axis. P Q' is the imag^ 
of PQ. If the rays LFg and PA have to be produced to 
the left to intersect, draw the portions LP', PP' of them 
to the left of the lens, and the image P'^', dotted. By 
considering each ray in this'^case to be reversed in direction, 

P' 


1 

1 



• 

1 




Q' 

Q 

I 




\ 

Pio. 58. 

1 

/ • 



the couptruction gi\^s the position of the real image PQ 
produced by rays which if the lens were not present, would 
form an image P'Q'. • 

• 

Work out the following examples by the convergence and 
divergence method, and by the geometrical* method, giving 
diagrams : — 

A convex lens has a focal length of 12 centimetres.^ 
Find the positions of the images corresponding to objects 
at distances of 60, 24, 8, 6, 2 centimetres respectively to 
the left of the lens. 

* 

The position of the image produced by a concave lens, 
if the position of the object is given, ca»» be found with 
the help of a proposition similar to one given albove. 

Concave lenses increase ike divergence^ or diminish the 
convergence^ of an incident \eam a consUvni quantity, 
which is equal to the diverging j^ower of the lens, 

• K 2 
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f Write out tlhe equations which determine the positions 
of the images in the three following dases : 

(1^ The incicJent pencil is d^ergent. 

(2) The incident pencil converges to a point beyond the 
lens, but nearer to the lens than the principal focus. 

(3) The iimident pencil converges to a point beyond the 
lens and further ^from the lens than the principal focus. 

Find the positions of the images formed by a concave 
lens of focal length 12 cms. of objects placed at 60, 24, 8, 
6 and 2 9ms. to the left of the lens. 

Carly out= also the geometrical construction for each 
case, remembering that parallel rays incident on the IpJI 
surface of a coticave lens, appear on emergence to proceed 
from the focus on the left of the lens. 

Spherical mirrors are of two kinds s— 

I. Those which convert a parallel beam incident on 
them into a convergent beam. They ard concave towards 
the incident beam, and their ^converging power, i.e., the 
reciprocal of the focal length, which is the distance from 
the mirror to the point to which the parallel beam con- 
verges after reflection, is equal to twice the reciprocal of 
the fadius of curvature of the mirror. 

Converging mirrors increase the convergence or diminish 
the divergence of a beam they reflect by an amount equal to 
the power of the i^ihror. 

TI. Those which convert a parallel beam incident on 
them into#a* divergent beam. They are convex* towards 
the incident beam, and their divergiii|; power is equal to 
twice the reciprocal of their radius of curvature. 

^ Divergitig 7q,irrors increasefhe divergence or diminish the 
convergence of a beam they^ reflect by an amount equal to 
the power of the\ m^or. 

Work out thp examples self for lenses, replacing every- 
where convex or c^nca^e lens by concave, or convex mirror 
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Lenses and Mirrors. II 

Deterihination of the Focal Lengths of ^Lenses 
and Mirrors. 

Apparatm required , — Drawing board, a convex and a 
concave lens, a convex and a concave mirror, stop, 
screen, and sighting rod (Fig. 54). 

Exercise *I 

To find approxiipately the focal length of a convex lens, 
arrange the lens and a small screen with their centres 
above a straight lino ruled eva a sheet of paper fixed to 



the drawing board. Incline»the board so that light from a 
window or from a distant object outsid<f, may pass through 
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the lens and fall on the screen. Vary the distance of tthe 
screen from the lens until a distinct* image of the object 
is obtained. Measure accurately the distance from the 
centre of the lens to the screen. This will be the focal 
length, if the lens is thin. Record as follows : — 

Lens No. 10. 

Pbcal length from image of object outside = 7*4 ome. 

ExERCis'i: • II 

# 

At thfe end of the board, near one edge of the paper, 
place a pin upright, and about 10 cms. away from the 
board jlacc a luminous burner so that the pin may be well 
illuminated. ^ Draw a line across the paper passing through 
the pin-hole. Place the centre of the lens vertically above 
this line about 1 0 cms. Ijehind the pin, and place the screen 
at the cTther end of the line. Adjust the positions of lens 
and screen until a distinct image of the pin is obtaine(j on 
the screen. ' , 

Measure the distance of the pin fvom the lens (m), and 
of the screen from the len!& (v), and calculate the focal 
length as in the following <tabl^ : — 

. Lens No. 10. 





Divergence 

Convergence 






of incident 

of refracted 

Converging 

Focal 

Experi- 

u 

V 

beam. 

beam. 

power of 

length 

ment.* 

cms. 

cms. 


i/r 

lens. 

cms. 

1 

905 

36*9 

•no 

•027 

•137 

7-3 

2 

12-55 

17*7 

•079 

•056 

•135 

7*4 

3 

17*20 

12*75 

. *058 

•078 

•136 

7*4 





Mean 


7*4 


* These numbers mag^bo found most easily by reference to the table of re^ 
ciprocals on p. 243. 

The numbers in the last column should be nearly equal 

^ifco each other. r • 

c • 

Notes. — 1. Care should be takan to place the plane of the lens at 
right angles to the JinC joining object and image, otherwise the 
image will have coloured edges, and^will be nearer the lens than it 
i^oiud be normallyw A considerable error may thus be introduced. 



SECT. XXV 


LENSES AND MIRRORS. II 


135 


2. Even with the lens properly placed the ima^e may be in- 
distinct and surrounded by a coloured fringe, which is due to the * 
fact that the focal length is different for light passing through 
different parts of the lens (spherical aberration), £^d for differently 
coloured rays (chromatic aberration). By inserting coloured glasses 
between the light and the gbject, the trouble arising from chromatic 
aberration can be diminished ; but the determination of the focal 
length is then more difficult as the light is weakened. By inserting 
stops of different diameters the effects of spherical aberration may 
be diminished and the image made much sharper. * 

For the pin substitute .the slit provided, placing it 
vertical ia the position occupied by the pin. Place the 
screen in such a position that the image is most distinct, 
then insert the stop with the wider opening so as to block 
out the light coming through the edges of the lens, and 
notice that the image becomes sharper. Ins^jrt the stop 
with the smaller opening, and observe that the position of 
the screen for which the image is mpst distinct can now be 
found with greater accuracy^ Take observations of u and 
V, and tabulate the results as before. 

* ^Exercise III 

When the object is nearer •to a convex lens than the 
principal focus, no real image iiS formed ; but when the 
eye is placed on the opposite side of the lens to the object, 
on looking through the lens a virtual ima'ge on the same 
side of the lens as the object, is seen. In order to find its 
position, the sighting rod, or the parallax method may be^ 
used. Place the slit half way between the principal focus 
and the lens, place the flame behind the slit, and look at 
the im^e from two positions^ on the of^ppsite side of the 
lens t6 the slit, one on each side of the axis, using the 
sighting rod as in the previous &erc^es, to And the 
position of the virtual image. Measure* the distances of 
the object (u) and image (v) from the lens. Repeat the 
experiment with the slit placed at a.distance from the lens 4 
equal to about two>thirds of* (he focal length. Calculate 
the results as in the following example :-j 
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Lens No. 10. 


Experi- 

ment. 

1 

2 

u 

cms. 

.3*90 

5*80 

r 

cms. 

8*55 

26*6 

Divergence 
of incident 
beam. 
yu 
•256 
•172 

Dlvefgence 
of refracted 
beam, 
i/v 

■117 
t *039 

Converging 
power of 
lens. 

•139 

•133 

Focal 

length. 

cma 

7-2 

7-6 





Mean 


7-3 


Exercise IV 
% * 

The image formed by a concave lens is virtual, and 
cannot* be projected on a screen ; its position can, however, 
be determined by the use of the sighting rod. 

Si\J)stitute for the convex lens of Exercise III. a con- 
cave lens, dnd take two observattons with the slit about 
25 and 35 cn^s. from the lens. Calculate out and arrange 
the results as in the following example : — 

Lens No. 7. 





Divergence 
of incident 

Divergence 
of refracted 

Diverging 
power of 

Focal 

Experi- 

u 

V 

beam. 

beam. 

yv 

length. 

ment. 

cms. 

cms. 

i/tt 

lens. 

cms. 

1 

36-4 

7*9 

•02> 

•127 

•100 

100 

2 

24 0 ^ 

71 

•042 

« 

•140 

•098 

10*2 





Mean 


101 


Exercise V 
e 

Verify the result obtained for the concave lens, by 
placing .it in contact with a convex lens of less focal 
length, and determining the focal length of the combina- 
tion by method *C. The poWer of the concave lerfs^•will be 
equal to the difference between the powers of the convex 
lens and of 4 ,the Combination. Record as follows : — 

Focal length of convex lens = 7 '4 . converging power = 1/7*4= *136 
,, „ ,,cqpbinatioi\ = 27*0. ,, „ =1/27*0 = *037 , 

, *. Diverging power of concave Ipns No. 7 = *099 

Focal length of eonckve lens No. 7=10*1 cins. 
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Exbbcisb VI 

Determine the focal length of a concave mirror by sub- 
stituting it for the convex lens, and a small screen about 
1 cm. diameter for the screen used in Exercise I, pro- 
ceeding as described in that exercise. • 

ExbAcise VII 

Determine the focal length of the concave mirror by 
placing a pin or slit, about 20 cms. away from the mirror 
and a few cms. on one side of the axis. Place th^ screen 
so that the edge of it is in the axis, and i&ove it to or 
from the mirror till a distinct image is sQpn on it. Pro- 
ceed as in Exercise II, then calcidate the focal length of 
the mirror from the distances of object and image 
from it. 


• Exercise VIII 

• 

Determine the focal length qf the concav.e mirror by the 
method described in Exercise III, placing the pin or slit 
nearer to the mirror than the focus, and tffeing the sighting 
rod. 


Exercise IX 

Determine the focal length of the convex mirlor by the 
methqji described under Ex|rcise IV. 



SECTION XXVI 

f * • 

Lanses and Mirrors. Ill 

Experimental Verification of the Relation between 
the Sizes of an Object and its Ima^e formed by a 
Icons, and by a Concave Mirror. 

Apparatus required . — Drawing board, slit, lens, concave 
mirror, Stop, screen, and instrupients. 

Let Aj (Fig. 55) be the centre of a converging lens, and 
let Q' bo the image of a point Q. Then since 1 /A^Q is the 
divergence of the incident beam, anfi l/AjQ' the conver- 



Fio. 55. 

gence of the enjei^ent beam, the relation between the 
positions of image and object given by the equation 

^where 1 //* is conveiging ppVer of the lens. 

Let FQ be a small linear object placed at right angles 
to the axis of the»len*s, and let be the image. . When 
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the tens is thin, the lir^e joining P and Pj' will pass through 
the point Aj, and the triangles AjPQ and A^P^'Q' will be 
similar. Hence : — • 


_ AiO; 

PQ ” AiQ 


( 2 ). 


or, expressed in words, the ratio of the sizes of image and 
object is equal to the ratio of their distances from th^ lens. 


ExEhoiSE 

In order to verify equation (2), perform' the fdllowing 
experiments : 

1. Take a convex lens and determine its {ocal tength 
approximately, by holding it not less than 5 metres away 
from a source of light a flame or a window, and finding 
the position of a screen behind the 'lens, when the* image 
of the source on it is most distinct. 

IVfeasure the distance from the lens to the screen. This 
is the focal length approximately. 

2. Measure the length (a) of* the slit in the screen pro- 

vided, and place the screen pear»thfe left-hand edge of the 
drawing board, with the slit horizontal. At a distance 
from the screen 2 or 3 cms. more than twice the observed 
focal length, place the lens in its support. Place the stop 
provided near the lens, so that the light passes through 
the centre of the lens only. Put a luminous flame behind 
the slit, and find the position of the screen when the image 
of the sjjLt on it is most distinct. Mari ihe positions of 
slit, lens and screen. ^ 

Measure the distances of the slit {u) and screen (t?) from 
the lens. • 


3. Measure the length (6)^ of the image of the slit by 
means of compasses or a glass scale! • 

Keeping slit and lens fixecf repeat^ the adjustment of 
the screen twice, marking the position fobnd and measur- 
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ing the length of the image of the slit each time. /Take 
the mean of the two sets of observations. 

4. Move the screen till its distance from the slit is less 
thfin four times the observed fqoal length of the lens. 
Notice that there is now no position of the lens in which a 
good image appears on the screen. 

5. Place* the screen near the right-hand edge of the 

board. • 

Thej*e are now two positions of the lens, m each of 
which a distinct image of the slit is projected on the 
screen. Measure the distances of the slit and screen from 
the lens ai^ the size of the image of the slit in each case, 
making the adjustment twice, and taking the means of 
the measurements. 

Experiment thus shbws that for a given distance between 
an object and a screen there' are two positions of the lens 
such that an image of the object is thrown on the screen, 
provided the distance between the 9 bject and the Screen is 
more than four times the (ocal length of the lens. 

If with the screen at Q' (Fig. 55), Aj is a position of 
the lens for which a sHarp 4mage of an object at Q is 
formed, it maj^ be easily proved that the second position 
of the lens is at A 2 , such that QA 2 = Q'A^. In that case 
PgQj will be the image of PQ. 
i^ow 

QTa_QA,_ QAt. 

QP “QAa Q'A, 

Also f 

• QAi_QP, 

Q'ArQ'Pi 

hence 

QT, 

• QP,*=QT, 
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Expressed in words this means that if the object end 
screen are kept at the «ame distance from each other, and * 
the two positions of the lens are found such that images 
of the object are projected on to the screen, t!he geometrical 
mean of the lengths of Jbhe images is equal to the len^h 
of the object. 

Record as follows : — 

Focal length of lens = 8*1 cms. t 
Length of slit^ia) =2*0 „ 


1 — 

u 

V 

U + V 

v/u 

5. 

h/a • 

18*1 

14'7 

32*8 




33*3 


44*0 

•32 

•65 "1 

, *33 • 

10*6 

33*4 

44*0 

3*16 

6*25 J 

3*13 


Geometrical mean of the two values of 6, for a distance 
of 44 cms. between slit and screen= \/ 6'25 X '65 = 2'01. 


Proceed in the same way to verify that for the concave 
mirror the ^sizes of object a*nd image are proportional to 
their distance from the mirror. The slit Jind screen will 
now both be on the concave side of the mirror, and slightly 
displaced in opposite directions out of the axis of the • 
mirror. 






SECTION XXVII 


Refraction of Light through a Prihm 

Let AI (Fig. 56) be a ray of light incident on a prism, 
the refracting angle of which is a. It will be refracted 
along IR, hnd if i and r are the angles between the 
normal NI a^d the rays outside and inside the prism re- 
spectively, we have by *the laws of refraction 

sin i = fifiinr . . . . (1^ 

where fi is the index of refraction of "the materia\ of the 
prism. 



At R th^ ray'^rs refracted again and passes out of the 
prism in the direction RB. If % and r are the angles 
between the normal NR and ^the ray outside and inside, 
the equation ' ^ 

sin %' M sin r* . (2) 
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will hold for the refraction at emergence. In the triangle 
CIR the three angles must together be equal* to two rights 
angles, and hence the® angles CIR and CRI must together 


be equal to 




180" - o . . 

. (3) 

but 


.» 


CIR = 90" - r 


and 

CRI = 90“ - r', 

■) 

hence 

i> 


CIR + CRI 

= 180“ - (r + r') •» 

■ (4) 

By comparing (3) and (4) it is seen that 



a = r + r' 

• (5) 

The three equations 




sin % = sin r . 

■ (1) 


sin i' = /t sin r' . . ^ . 

• (2) 


a = r + r' ... 

•. (5) 


determine completely the path of a ray through a prism if 
its refracting angle' a, and its index of refraction /a, are 
known. Thus if the first angle of incidence (i) is given, 
r may be calculated from (1-), next r may be calculated 
from (5), and finally t from (2)., 

One case is of special importance, namely that in 
which the ray passes symmetrically thrifugh the prism 
as in Fig. 57. In this case r = r' and from (1) and (2) 
i = i ; hence from (5) r = al2. ^ ^ 



Fi<i. §7. 
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The Deviation of the ray by the prism is the angle 
through which the ray is rotated by the prism. If AT 
is the original direction of the ray (Fig. 56), and RB 
its direction after passing through the prism, the angle 
between AI and RB measures the deviation of the ray. 
We 'may obtain tlya angle by calculating the deviation 
of the ray due to the first, and that due to the second, 
refraction separately, and adding the results together. Thus 
the angle NIK is equal to i, tlie angle NIR is equal to r ; 
and since the angle RIK is the deviation at the first 
refraction, this deviation is equal to (i — r). 'Similarly 
at the second refraction the deviation is (i' — /), and hence 
the whole deviation D is given by 

D - r) ‘r (i' - r') = (i + i') - (r + r') = (i f t') - a . (6) 

If i' has been found by equations (1), (2), (5), the 
deviation can be calculated. It is found that for a given 
incident ray, there is one position of the prism in which 
the deviation is less than in any other position ; this is 
called the position of minimum devintion. It niay be 
shown that the position of . minimum deviation is the one 
in which the ray passes symmetrically through the prism 
(Fig. 57), that is to say when, as ei^plained aboye, 

I 

i = i'andr = 2 . . . . (7) 

the deviation given by (6) becomes in that case 


D = 2» - o 


D + t 


( 8 ) 


and as sin i = /A sinr, we obtain by using (7) and (8) 

c 

= A*Bmg . . . (9) 


.^D + < 
Bin— 3- 
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If D and a are measured, this equation will determine the 
reffactive index /i, for ^ 


= 


sin 


D + Cl 


sin 5 
2 


Numerical Example , — The angle of a prism id 60®, and 
its refractive index 1 *6. Calculate the angle of incidence 
i when a ray of light passes with minimum deviation 
through the prism. ^ , 


Exercise 

Geometrical Construction for the Emergent Bay 

Let C be the refracting angle of the pfism (Fig. 58). 
With centre C and radii 1 qnd p, where p is the refractive 
index of the material of the prism, draw two circles. 



Let a ray parallel to AjC^ be incident on the left-hand 
surface of the prism. From the* point A, where A,C 

. o 

^ See table of sines, p.®247j ^ 


L 
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<f;uts the inner* circle, draw A^L perpendicular to the §rst 
face of the prism and produce thii^ perpendicular till it 
meets the oute]j^ circle in Aj' Join A^'C and produce to 
again meet the outer circle in Then, by the geometrical 
construction proved on pp. 123 and 124, A^'CBj' is parallel 
to the refracted ray. Draw B^'M perpendicular to the 
second .face of the prism, and let Bj^'M cut the inner 
circle in Bj. Join CBj ; CBj is parallel to the emergent 
ray. 

Let AI be a ray parallel to AjC, incident oq the first 
surface 'lit I. !Draw' IR through I parallel to Aj'CBj', 
cutting the second face in R. Through R draw RB 
parallel to CBj. This line is the emergent ray correspond- 
ing to the incident ray AI. 

Find, by this method the emergent rays corresponding 
to rays incident on the, first surface of a prism of index 
1*6 and angle 60°, at angles^ of 30°, 40°, 50°, and 60° 
respectively. 
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Exercise 

Determination of the Refractive Index of a* C^ass 
. Prism 

Apparatus required . — Drawing board, prisfti, two lenses, 
slit, screen, boards, and protractor. • 

It, will be necessary to obtain, in the first instance, a 
beam o^ight the rays of which are parallel. If a narrow 
slit is placed so that Its centre is coincident with the 
principal focus of a lens, the ra/s coming from the centre 
of the slit will leave the len^ paiallel to the line joining 
the centre ofr slit and leAs ; the rays diverging from any 
other point of the slit will be approximately parallel among 
themselves, but inclined to. the axis of the lens. 


S 



A small wooden board AB (Fig. 59), along which a lenls 

L and a screen containing a vertical slit IB can slide, is 

• » 
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provided, ^lace the lens near the end of the boards and 
find the position of the screen, sdbh that the image of a 
distant object* is seen sharply defined on it. if necessary, 
fasten lens and screen to the board by, means of pins 
pdssing through the small holefe in the*' comers of the 
supports. A combination of slit and lens which in this 
way produces a parallel beam of light, is called a colli- 
mator. • 

Place another lens L' and ‘a screen S' down the middle 
of which a vertical line is drawn, on a similar beard, so that 
the focus of the lens is in the centre of the screen. If 
necessary, attach the lens and screen to the board by pins. 
If th£s Vi'^ngement, which we shall call the focussing board. 



— • 


1 


fT' — 


ri 



g 


li — 



Fio, 60. , • 

the collimator, and a luminous flame F (Fig. 60) are placed 
so that the centres of the^ screen, lens, slit and flame are 
in a straight line, a shajp image of the slit should appear 
on the screen. ' « , 

• Exercise. 

In order to determine the refractive index, the angle of 
the prism has first to be measured. 

Place the prism and* focussing board in such positions 
(Fig. 6 y that tl^e beam of light is reflected from one of the 
faces AH, of tbe prism, an^ forms a sharp imagoLof the slit 
along the.centre line of the screen. Rotate the prism back- 
wards an^ for^erds a little to see that the image moves as it 
ought to do, and is not a spurious image due to internal 
reflections. When you are satisfied as to this, draw a line 
along one edge of the base^on which the prism is mounted. 
Now turn the pri^m, without moving the focussing board, 
li^til a sharp linage of the slit again appears in the same 
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position, the reflection now, however, taking place from # 
AC instead^of from AB, and draw another line along the 
same edge of the base. The angle betw^n these two 
lines is that through which the prism has been rotated, 
which, it will bfe seen, is* 180 ° — a, if a is the angle of iJhe 
prism. 



m 

Proceed now to the measurement of the deviation pro- 
duced by the prism, which is the Second quantity necessary 
for calculating the refractive index. • 

Place the prism so that the light from the collimator is 
refracted through it, as in Fig. 61a; the angle which has 



tion of the focussing board, suchithat the spectrum produced 
by the prism appears on the screen. On turning the prism 
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f round a vertical axis this spectrum will be found to change 
its place, but that position of the ^rism which gives the 
smallest devif^tion of the spectrum is easily obtained. 
With the prism in this position adjust the focussing board 
till the yellow of the spectrum falls on the central line 
of the screen, then mark the position of the board by a 
pencil dino drawn along one of its edges. 

Remove 'the prism and mark similarly the direction of 
the focussing hr>ard when ifc points directly to the col- 
limator, as in Ipig. 60 , so that the image of the«slit is seen 
on the central line of the screen. 

The angle between these two lines on the drawing board 
is tha angle of minimum deviation. 

Repeat fhe adjustments and measurements and record 
as follows : — « 


*■ Prism No. 6. 


Angle of prism a . . . • = I 

Angle of minimum deviation D •, = 

59"-6 

48*’- 

60* 

48" 

Sum (D + o) 

. . . — 

107-6 

fl)8 

t = 29'‘-7 and 30° 

2 1 

* a 

.sm.g = 

•494 » 

1 

•500 

® j - 5^-7 and 54° 

D* + a 

1 

•806 » 

•809 




sin 


D+ a 
2 


sm- 


•806 

•494 


= 1*63 and 


;809 

•500 


= 1 -62. 


^ rMean value of /t = 1-62. 

If a spectrometo’’ is available, with a telescope which 
revolves oyer d graduated circular scale, and a prism table 
whose rotation can also be measured, the above observations 
should be repeated with the instrument, the angles of the 
prism and of^ minimtim deviation being read to the higher 
degree of accuracy^ which the instrument permits. 

** ^ See table of sines, p. 247. 



SECTION XXIX. 

On Vision with the Naked Bye and thfougrh a 
Magnifying Glass 

If an object or the image of an object foraaed b^ a lens, 
is looked at with the naked eye, its apparent size may be 
measured by the ratios of its linear di^iensions to its 
distance from the eye. • 

JFor if in Fig. 62, AB is an object, ab the image formed 
on tlw retina, and if O is a point in the eye such that a 



ray AO gQing towards O will continue a^ong the same line 
Oa, we obtain in the similaf triangles OAB and Oah the 
relation • 


ah _ AB 
OA 


7 ab • 

ab = Oa. 
OA 


The distance Oa is the same»whate^er the length or distance 
of AB, and ' hence the length ab gf the image on the 
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ititina is proportional to ^ and this fraction we may call 
the apparent length of the line AB. 

It is here aseumed tha^ there is in the eye a point 
having the property ascribed to the ^oint O, and it can be 
shown that the assumption is justified. This point 
is situated in the crystalline lens near its back surface, 
and by ilieans of it we may find the image of a luminous 
point A simply, by drawing a straight line AO^and 
producing it to the* retina. 

When ,we speak of tjie distance of an object from the 
eye, we should, strictly speaking, measure it from the 
point O, but we shall commit no appreciable error by 
measuring it from the front surface of the cornea. 

It is found by experience, that we can focus the eye so 
as to see distinctly objects lying withj^ a certain range 
of distance. * 

The nearest point to which we can focus is called the 
“ near point,” and the farthest point* is called the “ far 
point ” of the eye. • , ^ 

A normal or “emmetrojpc” eye has its far point at 
an infinite distan,ce, and its near point 25 cms. from 
the eye. * • , ^ 

Eyes which cannot focus for distant objects are called 
short-sighted or “ brachymetropic,” and the smaller the 
distance between the eye and the farthest point of distinct 
visiofi, the greater is tjie degree of short-sightedness. For 
' such eyes />he near point is generally nearer than 15 cms. 
Eyes having the\r laear point farther than 30 cms. are 
called long-sighted or “ hyperpaetropic,” and their bwners 
require spectacles to tead or write with comfort. A 
long-sighted eye will often be able to focus rays which are 
^convergent. 

r A common defect of the eye consists in one of iti^ 
refracting surfaces not beiz^ accurately spherical but 
more curved in some directions than in others ; the eye is 
tibiQn said to be astigmatic* Yfhen this defect is very 
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decided all luminous points will appear drawn out into a 
line. It is investigated by determining the nearest 
distance of distinct vision for ea^ of a number of lines 
radiating from a point. For an astigmatic eye these 
distances are not the same. 

The apparent size of an object depends on its distance 
from the eye. We shall therefore see a small object under 
the most favourable conditions if we place it ds near the 
eye as possible, that is to *say, at the mearest point of 
distinct viSion. ' , ^ 

If l>n Is the nearest distance at which we can focus, and 
a the linear size of an object, a/D^ will be the greatest 
apparent size of ' the object, when seen distinctly* wkh the 
naked eye. 

We may now determine the advantage gained by 
looking at a small object through* a convex lens iplaced 
close to the eye. 



If AB is an object (Fig. 63) place& between a convex 
lens HK and its |ocus F, the rays BO and BH proceed 
after posing through {he lens in the direction 60 and 
6H, and appear to come frohj the virtual ijgaage 6 of B. 
ab is therefore the virtual knage of AB, and 
(Section XXIV.). * • 
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If the eye is close to the lens, Oa may be tg-ken 
as the distance of the image from the eye, hence 
the apparent §ize of the ^ image will be equal to which 

is the same as the apparent size of the object would be if 
th5 lens were removed, the eye ^remaining in the same 
position. The advantage we gain by the lens lies therefore 
in the«fact that we may, consistently with distinct vision, 
bring the object nearer to the eye than we can without a 
lens. t 

The magnific/ition of the lens is defined as the ratio of 
the apparent size of an object as seen through the lens, to 
the apparent flize when the object is looked at with the 
nakeckeyo under the most favourable circumstances, that 
is to say, when at the nearest point of distinct vision. 
We have, the®efore, the relation 



AB Dn* -p. 

Dn" OA“"^" 



by (2) p. 129, Sect. XXIV. 

Although we should obtain the greatest magnification 
by making the distance Qa as small as possible, i.e., equal 
to Dn, in which case m = 1, rfnd if hrfs its normal 

value 25 cms., is known as the “ magnifying power ” of the 
lens, it is better, when optical instruments are to be used 
for .a considerable time, to adjust the distance of the 
virtual image so that it is as fa/t away from the eye as 
possible,*for in that case the muscles of the eye are at^^ost, 
and the eye suffers least fatigue. • • 

If the eye is norgaal, so 'that it can focus for parallel 
rays, we, m^ pla^ e the object AB at the focus, and OA 
becomes equal to OF the focal length of the lens. We 
then find the magnification w = y.* 

As T>n is always tlfe same for the same eye, the magni- 
fication obtainable under tffese circumstances with different 



SECT. XXIX 


VISION 


155 


leqpes, is inversely proportional to the focal* length of the 
Jens. Hence y is called the power of the lens. It will be 
seen from the above equation that no advantage is gained 
when the lens is used so as to fatigue the eye least, unless 
the focal length of the lens is less than the least distante of 
distinct vision ; for if / is larger than m will be less 
than one, and the apparent size of the imagetas seen 
through the lens, will be less than the apparent size of the 
object as seen with the nalftd eye. ^ 

It will* appear from the above that in^ order to obtain 
a magnification of 3 for instance* the nearest point of 
distinct vision being 21 cms., wc should require to use a 
lens of 7 cms. focal length. - * - 



SECTION XXX 
« 

Determination of the Near and Far Points of the 
a^d the Magnifying Power of a Lens, and of 
aTelesct^pe. 

Apparatus r^uired . — A mounted lens having a focal 
length of about 16 cmi^, three lenses mounted in contact 
having a combined focal length of between 2 and 4 cms., 
a focussing board, two small screens, a^d a telescope. * 

*4 

Exercise I 

•• 

Determination the Nearest and Farthest Points 
of Distinct*Vision. * 

On one of the screens provided is a cross formed by 
^^wo vertical lines, drawn with a sharp pencil as near 
together as possible, and two similar horizontal lines, 
^Such a cross forms a convenient object for focussing. 

Determine the focal length of the single lens provided 
with a screen with a small eye-hole, by focussing a*distant 
object on the screen, and m^suring the distance of the 
latter from the centre of the lens. 

Now place Ihe lens at one end of the focussing board ■ 
(Fi^» 64), and the screen at the other end. Bring the 
eye close up to the lens«and slpVly move the screen nearer 
/ to the lens until the small •central square formed by the 
four lines of the cross* is seen distinctly. 
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^With a little practice and by moving the^ screen slowly, 
it will bo possible to determine with considerable accuracy 
the point at which the eye first begins to see the cross dis- 
tinctly. Measure the distance of the screen from the lens. 

Place the eye once tnore against the lens and mov^ the 
screen nearer and nearer until the cross ceases to look 
sharp and distinct. Measure again the distance 
between the screen and the lens. . 

Repeat both measurements three times with each eye. 

Notice whether,. by moving the screAi farther or nearer 
than the limits of distinct vision, the* horizontal lines 
remain sharp, while the vertical ones become indistinct or 
vice verad. Record whether this is the case or not, and draw 
your own conclusions as to the astigmatism ^f your eyes. 

In order that the measurements should be trustworthy 
the screen should be well illuminated. Tfiis is best secured 
by the student standing with his 'back obliquely towards a 
window or a gas flame so that the shadow of his head does 
nofr*fall on to the screen. Record as follows : — 


Focal length of lens observed =/= 16*6 cms. 

. •. Power of lens = ± = -0605. 
/. . 


Eye. 

• 

di 

cxns. 

d2 

cma. 

• 

1 

di 

j. 

d2 

I 

1 < 

Ac- 

commo- 

dation 

Power. 

»/ 

cma. 

I>n 

) 

cms. 


120 
11 6 
12 0 

7-7 

7-8 

7-7 




* . 

« 

j 


Means 

11-9 

7-7 

■084 

•ISO 

•0236, 

•0696 

•046 

42-9 

14-4 

Left 1 

12*5 

12*3 

12*4 

7*7 

7*8’ 

7-8 


0 


♦ 

* 



Means 

12-.4 

00 

•081 

•lifts. 

•0206^ 

•0676 

' -047 

49-9 

14‘8 
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The calcula'uions for the nearest and farthest pointsc of 
distinct vision and are conducted as follows : — 

The divergence of the beam incident on the lens from 
the screen at a distance is 1 while that of the beam 
whieh enters the eye from the image at the farthest point 
of distinct vision is 1/D/. This decrease of divergence has 
been produced by the lens of focal length /, 2 .e. of power 
1//, hence i 

1 _ 1 or* J =1 - 1 

f ~d\ D/ D> f 

The calculation for 1)^ is carried on exactly in the same 
way. » 

If S Qs 'the distance between the point O of the eye and 
the retina (^ig. 62), the jiower of the eye as a focussing 
instrument is + ^ according as the eye is 

adjusted for its farthest or nearest point of distinct vision. 
The difference between these two qijantities, %.e. jj — « ^ 

may therefore be taken as a measure, of the power of the 
eye to change its focal l/ingth. This is the power of 
accommodation of the eye, entered in the last column of 
the above table. ' • ^ 

« 

Exercise II 

p 

To Measure the Magnifying Power of a Lens 

A boar(i ABCp (*^ig. 64) is provided, divided by aleS^e 
EF, along which two small paper screens, H alid *K, can 
be moved. ,LL' is a» system of three lenses placed at 
the end of th^n boa^d, so that its centre stands vertically 
over the Centre line of the board. OnC of the screens, K, 
has two, and the other, H, a, number of horizontal lines 
drawn on it 5 ^mms. a^art. r The latter screen serves as 
a scale on which the apparent distance between the 
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magnified images of the two lines drawn on th® first screen 
is measured. « 

For this purpose it is necessary to look with one eye 
through the lens at the virtual image of tHb first screen, 
while the other observes cthe second screen directly.^ , 
The left eye being shut, attention should be directed to 
the image of the screen K, seen through the lens with the 
right eye, and the screen should be placed as far forward as 




c D 

PiQ. 64. 



possible consistently with the two horiz(:mtal lines being 
seen distinctly. The image ‘'of ^ is then at the nearest 
distance of distinct vision for the right ey6‘ from the eye 
end of the board. Next, the second screen, H, should be 
placed at the further end of the board and observed with 
the left eye. It should then be moved towards the eye 
till both screens can be seen distinctly at the samei time, 
'file magnified image of K will be se^n Ao overlap the 

screen H which serves as scale<^ The experiment consists in 

» • 

> 

^ The use of the two eyes is obviated by plasing a ^mall piece of 
mirror glass inclined at *45® so as to cover half the eye-hole of the 
lenses LL'. The screen H is then placed on an arm extending to 
the right in the direction CD. The right eye then sees the screen 
K through the lens and the screeft U of ^flection in the mirror, 
and the maghification observed is th^ m required in the subsequent 
calculations. 
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estimating many divisions m of the scale coincide with 
the apparent interval between the two lines drawn bn the 
screen K. The measurement is ''facilitated by bringing 
the lower lin® of K into coincidence with one of the lines 
on H. This can generally be done by a slight backward 
or forward movement of H, or by a slight tilting of the 
head to one side. A fairly strong light should fall on the 
screens, and the estimate should be made to one-tenth 
of a division of the scale on H. The distance c? of H from 
the eye end of the board should then be measured. 

If the screen H had been placed at the nearest point 
of distinct vision for the right eye, the apparent size 
of the division on H would have been larger than they 
appear^ ip the experiment in the ratio of G?/Dn where d 
is the distance of H from the eye, and l^he least 
distance of distinct vision for the right eye. Hence the 
magnifying power w,* corresponding to the nearest point of 
distinct vision for the right eye, is 


But the magnifying po^er of the lens when so used has 
been shown (p. 154) to be given by the equation 

^ ^2 + I t 

Ttl = T 1. 

« J 

Hence the focal length of the lenses may be calculated 
from the observations. 

‘Record observations and results as follows : — 


Distance d of screen H from eye . 19*6 cms. 

Apparent size rq' of interval on screen K seen 

through lens by right eye . . . . „ 7’^divB. onH. 

Least distance of distinct vision D„for right eye 14*4 eras. 

, * 14*4 

. *. Magnifying pojver m of lens for right eye = 7*6 x = 5*6 


*. m - 1 = 4-6 
- 1 • 


Dn 


4-6 

14*4 


Focal length of lenses ^ =3*1 cms. 
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Siioiliar observations should be made witU the eyes and 
scrdbns reversed, and Jbhe value of f compared with that* 
previously found. ^ 

The values may be checked by some method of meas- 
uring the focal length , directly, but owing to the gI:^at 
thickness of the system used in these experiments, the 
ordinary methods described in this book are not 
applicable. ^ 


Exercise III 

To Meaaure the Ma^fxiifying Power of a Telescope 

Place the telescope at some distance from a ^ale of a wall 
on which the lines of division between the bricks can be 
seen distinctly. Focus the telescope till aif image is seen 
in the eye-piece by one eye, while the other looks directly 
at the scale or wall. Move*the head a little to one side 
an^ notice whether the two images of the wall move over 
each otITer or not. Jf they do, the focussing must be 
changed till the images remain pxed with respect to each 
other. When this is the case, count how many divisions 
seen direct are included ii% onfe division seen magnified 
through the telescope. This is the magi^iication of the 
instrument as used. If the distance of the telescope from 
the wfill is changed, the magnification will be altered. It ' 
is necessary therefore to record this distance as well os 
the magnification. 


M 
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SECTION XXXI 
The Sonometer 

Apparatus required, — Sonojneter, C and D tuning forks 
and small balance. * 

• • ^ 

The object of this exercise is to ferify experimentally 

the laws of transverse vibrations of strings pr thin wires 
kept stretched in such a way that the tension# Vesnains 
constant during the vibration. 

Definition , — The frequency of a vibration fs the number 
of complete vibrations which ^take place in one second. 

The equation 

gives the relation between the^frequency of vibration n, 
the stretching force/, and the m^s per unit length m of 
the wire. • • . 

The formula expresses a number of lawS Vhich may be 
tested experimentally. 

Exerciser I 

• 

If the stretching force remains constant, the 
of vibrations per second varies inversely 
as the len^h of the stAng 

A steel pianoforte wire is stretche^ on the sonometer 
board provided (Fig. 64), and is furnished* with a spring 
balance indicating thq stretching force, an3 a bndge, which 
when placed under it . at any point just supports it 
without altering the tension, thus enabling a shorter llhgth 
of the string to.be set into vibration. The upper edge of 
this bridge is provided with several notches at different 
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heights, and tl)at particular notch should be used which 
gives the requisite support to the wire without increasing 
the tension.^ . 



Fi«. C5. 


Find the lengths of wire which vibrate in 'unison with 
two tuning forks of* known frequencies, and thus see how 
far the first Ir-w expressed by the above equation is verified 
by e.Hpeminent. 

The length of wire in unison with the tuning fork 
giving the lofvcr note is first found as follows : — A light 
hoop-shaped ‘‘ rider ” ,of paper is wound round the middle 
of the sonometer wire, and 'the tuning fork is set into 
vibration. Tliis is done by striking the end of the* fork 
on the knee ; it should not on anj [Recount bo^truck on 
tlie bench. The stretching force is then adjusted till the 
note given by the wire when vibrating is a little lower 
than that given 'by the fork.. The fork is again struck on 
the knee, and^the groove at the lower end of'^the handle of 
the fork is placed against the wire at one end, and the 
fork is slid slowly along the wire towards the middle, until 
a position is reached at which the rider is thrown into 
violent agitation. The wire will then be vibrating in tune 
with the fork. bridge is then placed in the posi^mM 

occupied by the handle of the fork. Whether ^the bridge 
is correctly placed then 'tested by placing the vibrating 
tuning , fork on ^ the bridge, or on the sonometer board 
under the wire, and noting the eflfect on the rider. If it 


^ A second i^ire is often provided which may be tuned to a de- 
sired note, and be used as the Standard' of reference instead of the 
fork^ 
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is ^et into violent motion the bridge is correctly placed. 
If not, it should be moved one or two nJillimetres to th^ 
left or right, and the effect again tested. When the 
proper position has been found, the len^h of the wire 
vibrating should be measured. , 

The experiment should be performed three times and 
the mean taken, then observations should be made with 
the second fork and a second set with the fijst, and the 
results entered as in the following example : — 


Fork. 

• 

Frequency. 

Ratio. 

Lengtk of 
Wire. 

c 

256 


51 ‘9 cms. 


288 

1125 

46-1 „ 

c 

256 

• 

51*7. „ 

001x100 

J[)merence — *001, or i>i 25 ’ 


Ratio 


®?'^ = 1124 
461 


Exercise II 

. . / • 

For wires of the same length the frequency of the 
vibration varies directly as the square root of the 
stretching force ^ 

Tune the whole length of wire so that it is in unison 
with the D fork. This is best done by setting the fork in< 
♦ibraPbion, holding the handle down^ on the •sonometer 
board, and warying the stretching force till the rider moves 
violently. • ^ ^ * 

Observe the value of the stretchiilg force. Then 
diminish the force itill the wire is in unison with the C 
fork, and again read the balance. Make a second observa- 
tion with the D fork. Th*e, observed rati© of the forces 
should be corrected for the ert'or of the spring balance at 
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zero, which will be determined subsequently (see p. Ip 9), 
Und the results Arranged as follows :t— 


Pork 

« 

Fre- 

quency. 

c 

Ratio. 

Stretching Force in lbs. 

/t; 

Observed. 

Zero. 

Correfcted. 

VForce. 

D 

' 288 


21*0 

•6 

20*5 

4*53 

C 

'•256 

1*125 

17*0 


16*5 

4 06 

D 

288 * 


21*5 


21 0 

4*58 






1 



Batlo. 


4-56 

4'()6 


= 1123 


Difference = *002 = *2 pet* cent. 


, * Exercise III 

For tlJe sajue frequency, the length varies directly 
as the square root of the stretching force 

Measure the length of wire vibrating in unison with the C 
fork as in the last experiment. Piminish the tension to about 
three-fourths of its former value, place the biidge under ,the 
wire, and find the length of wire which is now ia uniSOh 
with the C fork. Lower the stretching force again to 
about half of its original «/alue, repeat the observations, 
and tabulate as follows : — 


f . 

Stretching force in lbs. 


{Ratios. 

Lengths 

cms. 

k 

Ratios, 

V^orce. 

• 

Observed. 

Zero. 

Correctedj 

T 

« 

17*0 

•5 ' 

16*5 

406 


55*7 


Tf 

13*7 


tlS-2 

' 3-63 

•89 

50*2 

•90 

T, 

i *5 • 

• 

90 

300 

’■•14 

41*8 

•75 . 


The differences are chiefly due to the uncertainty of the 
values of the stretching for&. ' 
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^Exercise IV 

Determination of the frequency of ^bration of a 
tuning fork 

If the stretching force and the mass per unit length of 
the vibrating wire are known, the equation given •above, 
p. 163, will allow us to calculate the frequency of the 
wire, and hence the frequency of a tuning fol’k which is 
in unison with the wire. • 

The stretching force is adjusted till the. whole length of 
the wire is in unison with the O fork, and the s&etching 
force is then read off on the spring balance. The adjust- 
ment is then repeated, the force again read and 'the mean 
taken. The length of wire vibrating is then measured, 
the tension in the wire relieved, the wire taken off, and at 
the marked places, the vibrating •length of wire cut off 
with pliers and weighed, and the mass per unit length 
q{Lltulated from the length and total mass. 

The sdhometer boa^d should now be held vertical, so 
that the spring balance is vertical and unloaded, and the 
reading for no load taken. In the example quoted it was 
found to bq ’5, and this correction was Applied to all read* 
ings of the strefbhing force* before use w^<^made of them. 

Itecord as follows ; — 


Forlft 

m 


Stretching f(yoe in Ibe. 

Length. 

■ 

Weight. 

V IImotwiOLi 

0 

Observod 

mean. 

Zero. 

Corrected. 

cm& • 

e 

gra. 

c 

256 

Ilf 

• 

•6 

ft-5 

• 66? 

•50 

j 



• 

• 



Whenever a formula which establishes a numerical rela- 
tionship between different qua*ntitieli is used; it is necessary 
to express eaoh quantity jp th6 same gystem^of units. 
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^ In the eqifdtion 



and m depend on the unit ofi length, and if I were 
measured in centimetres^ and m taken to bo the mass of 
the string per foot of length, a correct result would not 
be obtained. Adopt the centimetre as the unit of length 
throughout. The numerical .value of f the stretching 
foi?ce, depends <sn the unit of force which, if the 
gram ia taken -to be #the unit of mass, is the dyne. In 
the instrument provided, this force is indicated in terms 
of the pound weight. In order to convert this into 
dynes, ^lse* i% made of the fact that one pound is equal to 
454 grams (see p. 25), and that the weight of one gram is 
equal to a for& of 981 dynes. Wo find thus : — 

« 

« = 16 5 lbs. = 16'5 X 454 x 981 = 7,350,000 dynes. 
n. = II =-00896. 

~ ^',557 f ■00896 “llTJ \/820400000 

. =257. 

c « 

« 

For a standard C fork the number of vibrations per 
* second is 256. 

• ■ t 

' By tat:ing two wires of the same material but of 
different radii, it may be verified experimentally tflat fOt 
the same stretching force the frequency varies 'inversely as 
the radius of tlyB wiife, i.e. as the square root of mass per 
unit length. « « * 

A wire of another material, e.g. briss may also be used 
to verify this statement. 
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Apparatus required , — Resonance tube gbiid tuning forks. 

If a tuning fork is held near the open eni^of a rtesonator, 
the resonator will resound if the note it can emit is the 
same as that of the fork. If the resonator consists of the 
air within a cylindrical tube closed at one end, the note it 
emits has a wave-length \ approximately four times the 

• Ifength I of the tube, i,e, 

* % \ — U nearly . . . . (1) 

or more accurately , 

A = 4(/+'3rf) .... (1)' 

where d i^ the inside; diametef of the tube. 

The relation between the velocity lof sound V, the 
wave-length and the frequency w, is given by the equation 
Y = n\ . . . (2) • 

If, therefore, two of the cjuantities — the frequency of a 
tuning fork, the velocity of sound in air, an^ the wave- 

* length \ in air of the note emitted •by the fork — are 
given, the third can be calcylated from (2). 

Combining the equations (1) ^d (2), w*e obtain the 
relation 

* V = M, 

or more accurately • ^ 

V = 4»(/\-3<i) . . . . (3) 

which can tested experimentally !f V and n are known. 
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The velocity^y of sound in air varies with the tempera- 
ture, according to^ the equation » 

^ V = mji + -mit 

but ipay be calculated with sufficient accuracy (see p. 15) 
from th^ equation 

* ^ V = 330+ -at (4) 

when t is thef temperature of the air in centigrade degrees, 
and V is measured jn metres pel* second. 

^Exercise. 

f 

To detpmjine the velocity of sound in air. 

The two brrfis tubes provided telescope into each other 
(Fig. 66), so thaj the length of the column of air within 
the tube may be altered. The outer tube fits into a 
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circular hole in a wooden base, and can ];>e lifted away 
from the base. The exercise consists* in adjusting the 
1 — I.U 1 j resonance is strongest, finding the velocity 

rom the observation and confparing its value 
witn tnat calculated from equation (4). The length qjE the 
tube should be altered and the adjustment and pieasure- 
ment repeated three or four times. 

Record as follows : — 

Temperature of air = 16'’i4 C. 

Fork G, 256 vibrations per second. • 

Ohs^ved length 5}f resonating colujnn of ^ir 


Mean . . *32‘5 „ 

Diameter d of tube 2*4 cm. . . '3^*= *7 

• Corrected length = 33*2 cms. 

Velocity of sdund in air at 16*4® C. = 4 x 256 x 33*2 
^ , = 34100 cms. per sec. 

•= 341 metres per sec. 

But by equation (4) • 

V = 330 + ’6^ pietres pei? sec. 

• =.130 + 9*8 

= 339*8 metres per second. 
Difference = 1*2 metres = *3 %. 

Observations should be made in the same way with tlfe 

D fork, and the results recorded as above. 

- • 

Itemove the tubes from the base ^nd sup^Sort them in 
the ah* so that both ends are open. Adjust to the length 
which resonated to the 236 C fprk, and show that the 
tube when open at both ends resonajjed to^ the 512 C, t.c. 
the octave of thedirst note. Vary the length slight till 
the resonance is most complete. 

Verify the same £act for. the octave of Ihe D fork. 
Recoid fA in the above ekercise,, making the correction 
for each e id of the table. • 


32'6 cms. 
32*3* „ 
32 *6 „ 
32*6 
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Magnetisation ^ 

Apparatus required^ — Magnetoscope, bar nagnets, iron 
and steel wire. • * • 

'I 

The “ magnetoscope ” provided (Fig. 67) ^consists of a 
small piece of magnetised steel watch-spring, gummed to 
a strip of paper, and suspended in a g!ass bottle 
by means of a silk fibre. The use of the paper 
islo reduce or “ damp*** the oscillations of the 
magnet by tfie resist^ncfi the air offers to its 
motion. • 

Bring a magnet near the instrument^and 
notice that after its remove! the magnetised 
spring returns to a definite position, such fliftt 
the end marked N points a little west of north, 
thus behaving like a compass needle. 

Show experimentally ttat ofte end of any 
magnet attracts one end of the needle and 
repels tlie other ; and that this action IJj ribt 
diminished by introducing betwc^en the magnet 
and the needle, sheets of^glass, wood, zihc, &e. 

Bring a piece* of steel watch-spring rfbout • pio. 6T. 

5 cms. long, which lias been hardened by 
heating t6 redness^nd quenching in^ water, .towards the. 
magnetoscope. ^Iffias little of ^o effect on the needle! 
Lay the spring on the bench, and magnetisp it by stroking 
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it once froiii the middle to the ends simultaneously, with 
two bar magnets, the one in the right hand having the 
end which attracts the N end of the needle downwards, 
the one in tliG left having the end which attracts the S 
end downwards. 

S|iow that after one stroke the right hand end of the 
spring attracts the S and repels the N, and the left hand 
attracts tjie N and repels the S end of the needle of the 
magnetoscope. 

Repeat the stroking, and show that these^ attractions 
and repulsions increr^se with each stroke up to a certain 
point, w'hcn the spring is magnetised as strongly as it can 
bo with the magnets used. 

Suspehdf the spring by means of a fine silk fibre, and 
observe that it sets itself in the same direction as the 
needle of the magnetoscope. 

Calling the ends which point to the north the N ends, 
those which point to the south the S ends, show that like 
ends of the needle and watch-sprifig repel, while unlike 
ends attract, each other. 

Take a piece of soft iron wire, about *5 mm. diani., and 
about 5 cms. Ipng, which has been well annealed by 
being heated to redness dad ullowed to cool .slowly, stroke 
it with the aiagnets as before, and show that it acts 
only feebly on the needle. Lay it, pointing east and 
west, on the bench, at some distance from any magnets, 
and tap it sharply severah times 'with a pencil. Show that 
it has npw lost its magnetism. 

Take a short bar magnet, a little longer than tfie needle 
of the magnetoscope, determine which end of ‘it attracts tlie 
N end of’ the needle* and lay it alongside and parallel to the 
needle, with that end to the north. Bring one end of the 
^oft iron wire nearly into contact with one end of the 
magnet, and the other end as near as possible to the corre- 
ll^onding end of the‘ nee^fo. Thdt en8 of the needle is 
strongly attracted,*^ and this will still be *tEe case if the 
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wirefis reversed, thus showing that the ej;id*of the wire# 
farther from the pole Of the magnet, is magnetised in the 
same way as that pole. # 

Remove the magnet,, and show that the wire is only 
feebly magnetised. 

Repeat the experiment, this time bringing the Sid of 
the wire into contact with the end of the magnet and 
notice that the effect is increased. * 

This action of a magnet on a piece, of iron near it, 
whereby the iron behaves for the tim^ being as a magnet, 
is called Magnetic Induction, • 

Replace the iron wire of the above experiments, by a 
hardened steel spring, and notice that the action ©f the 
steel on the magnetoscopc needle is much less intense, 
but that the steel continues its effect when«the magnet is 
removed. The iron in the presence pf the magnet is more 
“ susceptible ” of being magnetised than the steel, but the 
s(;peV is more “ retentive ” of its magnetism than the 
iron. % , . 

The magnetic behaviour of a bar of iron or steel 
may be imitated by means of a closed test tube nearly filled 
wiih iron filings. Place a mg,gnet at eacfi end of the tube 
so that tube and magnets ard in one straig})^ line, and the 
magrfets have unlike ends towards each other. Rotate the 
tube about its axis. The iron filings become magnetised, 
and set themselves with iheir greatest lengths along Jihe 
line joining the poles of the two magnets. The tube there- 
fore act.# as a magnet, and this action coptii^ues so long as 
the filings* are not shaken. On shaking, •the action ceases. 
Test these statements j^y experiihent. , 

Show that a piece of iron wire, if tapppd or J3ent in the 
neighbourhood of a nrngnet, becomes magnetised. ^ 

The fact that magnetic needles point to the north, 
indicates that th|^ earth itself Js a lUrge magnet, having, 
its N attracting parts in the northern Jiemisphere, and if 
this is the case it ought to be possible owing to the 

N 2 
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^Tiagnetic effect the earth, to magnetise a piece of iron by 
simply tapping or bending it. • 

Take a pieces of unmagnetised iron wire, place it on the 
bench with its length north and sou^th, and tap it or bend it. 
It will be found to be a weak magnet. The same is found 
if theSvire is held vertical, but not if it is placed horizontal 
with its length east and west. 

Dip the^ piece of magnetised watch-spring into iron 
filings, and notice^ that the filings adhere to the ends only, 
and not to the middle. Break the spring into two pieces, 
and show* that filings will adhere to the ends of each piece. 
Place the two ‘pieces together again on a piece of gummed 
paper, ^ and ^ show that the middle no longer takes up 
filings. Explain what conclusion as to the constitution of 
a magnet could be drawn from these observations. 

A body which behayes like iron with respect to magnet- 
ism is called a magnetic or “paramagnetic” body. 
Cobalt and nickel are paramagnetic bodies. i 

The student should record in hii? npte bookr»the experi- 
ments made and their results, giving diagrams of the 
apparatus used. 



SECTION XXXIY 

Magnetic Forces 

Apparatus required , — Bar magnets, small compass, and 
muslin bag with iron filings. 

• ^ 

* It is evident from the preceding experiigiients, that a 
magnetic body in the neighbourhood of a magnet is acted 
on by forces due to that magnet, and that a small compass 
qeedle placed at any point will set itsQlf in the direction 
of the force*at that point. / . * 

It has been proved by experiment, tha%^the action of a 
magnet on a small compass needle, is nearly the same as ^ 
that of two magnetic masses of opposite kinds, situated 
tl^r the ends of the magnet. • ^ 

If 1j{ie magnet is in the form of a long thia wire, the 
magnetic forces appear .to emanate froiji t^o points known 
as poles ” near the ends of ^the needle. A magnet for 
which this were strictly true woulfl be •called a “ simple 
magnet.” No^aggei we meet with ill natifre is a simple 
magnet, and the expression “pole,” when it refeiw to 
or&iary bar magnets, is used to indicate t^e region of the 
magnet^ t1:ovo which ** lines <3^ force ” (see Exercise III.) 
seeili to diverge. 
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Exercise I « 

f 

To find in a long bar magnet the positions of 
the regio*hs which may be considered the 

« Poles ' 

Place the magnet in the middle of a sheet of paper on 
a drawing board. Draw a pencil line round the magnet 
to mark its* exact position, and remove it. 

Place the compass needle on the board and notice the 
direction in whjch it points when no ^'magnets are near it 
A verticaLplane through the needle is called the “ magnetic 
meridian,” and \»he direction in which the head of the needle 
points ^*mngpetic north.” 

Replace the magnet and place the compass about a cm. 
from one end of it (Fig. 68). Rotate the drawing board till 



the needle is iii^ke magnetic meridian, with its pointed^ end 
to the north. Mark on the paper close to the compass 
box, the direction in which the needle points, and after 
removing the compass, draw in lhat direction a strai^t 
line through the point occupied by the centre of the needle. 
This straight Ikie will be found to, cut the geometrical axis 
of the magnet, at a point about lehgth of the 

magnet from the end. ^Repeat these observations at 
eight diffiirant pooitions round onfe end of the magnet, 
^lif eight lines thus determined me^t in a region which 
may be called^a “ pole ” of the magnet. 

Repeat the observafions^a^ the otlier end of the magnet 
to obtain the position of the other pole. 
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Measure the distance between the poles and find for 
the magnet used, the ratio of the distanqp between the^ 
poles, to the total length of the magnet. 

Record as follows : — ^ 

Length of magnet . . . . 12*0 cms. 

Distance between poles . . . 10*1 „ 

Ratio = = '84 

• Exercise II • 

To find the direction of the resultant Apliion of 
two equal and opposite magnetic Boles on a 
small magnetic needle placed at any point 

It is explained in text books, that if a magnetic polo 
could be isolated from its accompanying po^e of opposite 
kind, it would act on a sim^ar isolated pole with a repul- 
sive force inversely proportional to the square of the 
distance of the poles* apart. If the poles are of unlike 
kinds, the force is cm attraction following the same 
law. Hence, to find the directing of the resultant force on 
an isolated pole at any point, due to the two poles of a 
magnet, we tpust compound. the two forces, one an attrac- 
tion, and the other a repulsion, due to the*t^o poles. Let 
A and B be the poles of the magnet in the previous experi- 
rflent, and let the direction of the resultant force be 
required at a point P (Fi^ 69). • Join PA, PB and me^^ure 



Flo.’6%^ 
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the lengths BP. Suppose the isolated pole at P to be 
r of the same kix\d as A. Then the lEorce at P due to A is 
a repulsion, and that due to B is an attraction. Produce 
AP to Fj, and in BP take Fg, such that PF^ and PFg are 
pijoportional to 1/AP^ and I /BP^* respectively. Complete 
the parallelogram of which PFj and PFg are intersecting 
sides. Let the fourth corner be R. Then PR is the 
directfon pf the resultant force at P, due to the action of 
the two poles A, B. 

Determine in this way the directions of the resultant 
forces /it four points /n a line paralldl to AB. 

Put the magnet again in position, and place the small 
compas!^ with ^ts centre over one of the points P. Then if 
there *^were«no magnetic forces acting save those due to 
the poles A*and B, the needle ought to set itself along the 
line PR. A^ the ‘influence of the earth on the compass 
is not very small compared ,to that of the magnet, the 
drawing board should be turned in making this experi- 
ment, so that the compass needle ‘when at P poinfa to 
the north, as the effect of the eUrth in diiSturbing the 
experiment is then least.^ Even when this is done, it will 
be found that the compass does not set itself accurately 
along PR, and it vrill thus he seen that thp action ot a 
magnet is notodentical with that of two poles alone. 

Mark on the paper the direction in which the needle 
sets. 

Determine experimentatty in tSiis way the direction of 
the forceg due to the whole magnet at the four points 
selected. • • ^ * 

Draw to scale in your note-book a diagram'shiwing the 
positions of the foui^points* with respect to the magnet, and 
indicate thee directions of the forced due to the poles alone 
bjldotted lines, those due to the entii% magnet by full lines. 

By taking g, large number of points, the directions of the 
resultant force due to the poles *alone could be found 
all over the p^pei*) e«nd oe compared with those found 
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a% above for the magnet itself, but t|;ie method of 
determination woul(f be too long. By making use of the 
fact that iron filings, under the influence of the entire 
magnet, set themselves with theit leAgths along the 
direction of the resifitant force, we can readily determine 
these directions, and thus see the nature of the “field of 
force ” due to the magnet. 

Exercise III 

To find the Lines of Force due to magnets in 
•various positions ^ ^ 

-Take a short bar magnet, lay it on the' bench, and 
alongside it place slabs of wood of the same thickness as 
the magnet. Over the magnet and slabs day a*^iece of 
paraffined paper, and secure it by weights. Shake 
from the muslin bag a few iron filings *on to the paper, 
tap it gently with a pencil, and notice that the filings set 
themselves along certain lines, which are “ lines of force.^ 
tV’hen the curves *are distinct pass over the paper a 
Bunsen flame Uf mbit the paraffin and fix the filings. 
Compare the curves thus ob^,ained with the drawing of 
the lines of force due to two pole]^ given in the text 
books. • 

, Determine in the same way the lint^^of force between 
two magnets placed in the same straight line, first with 
unlike poles about 5 cms. apart, then with like poles S 
cms. apart. Also determine the lines between one* end of 
a bar magnet and a bar of soft iron 3 cms. f^om the en9, 
with its axis perpendicular to that o^ tlfe magnet. 

Reduced diagrams of the lines of force in each case 
should be copied into the note-book. * 

Examine iAie curves obtained carefully, » and endeavour 
to show from them, that magnetic actions may be explained 
by supposing tensions acting along the lipes of force (i.e. 
supposing ^lines of* force be* like elastic bands), and 
pressures at right angles to them. • 



‘SECa'ION xxxV 
i^agnetic Survey of the Laboratory 

c 

Apparatus req^iired. — Magnetometer, 

If a compass needle ie susper^^led so that it can move 
freely in a horizontal plane abore a vertical axis, it comes 
to rest in the magnetic meridian, i.e, nn the direction 6f * 
the lines of horizontal magnetic force •at «the poiftt of sus- 
pension. By placing the n^dle at different points in the 
laboratory, it is possible to determine whether the lines of 
magnetic force are all parallel to, each otj^er. It is* 
generally found «that this is not the case, owing to the 
j)resence of iron in the walls, floors, etc., of the room, and 
it becomes of importance to know exactly the direction - 
of the lines throughout tha rooiif. Since however the 
tecords of ipost current-measuring instruments depend on 
the magnitude ctf tke earth’s horizontal magnetic Torce, 
it is advisable to determine at a number of •points in 
the room, berth the diroction and magnitude of this force. 
The direction •is determined readily* as al^pve, and the 
^atie^e magnitudes of the forces at different points may 
be found, by allowing the magnetic needle to oscillate in 
a horizontal plane abo&t tlm« vertical axis of suspension, 
observing the times of* oscillation T, and using the fact that 
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r=2ir /-i- - 
V MH 

where I is the moment of inertia of the suspended system 
about the axis of suspension, M is the ma^etic moment of 
the magnet, and H ls the horizontal component of* the 
earth’s magnetic force. Thus if I and M are kept ccjjinstant, 
the times of oscillation will vary inversely as the square 
roots of the magnetic fields, or the fields will vi^ry inversely 
as the squares of the time of oscillation. 

Exercise ^ 

The circular box provided contains a m^ignetised needle, 
which is suspended by a fibre so that it , oscillate 



• ^ 

abbve a graduated circular scale placed in the bottom of 
-ihe box (Fig. 70). To the needle a long thin pointer iss 
attached, both ends of which fall over the graduated 
scale. Readings of each end of the pointer are'takerv 
at ea«h observation, and the mear^ t^ken In order to 
eliminate -any error ’which might be introduced owing 
to the needle not rotating ♦about an axis through the 
centre bf the scale. * The zeros of this’ scale are placed 
in a direction perpendicular to that of the projecting 
centimetre scales. Place the box so that these 'Scales 
are perpendicular tp that^wall ®f the laboratory which 
runs most nearly north and® south.^ Raise the fibre by 
means of the wire at the top of the tube till the needle 
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swings freeljr over the scale, and after observing a Jew 
swings lower the fibre when the^ needle is near the 
centre of a swing, then raise it again. Repeat this 
raising and lowering till the swing is entirely stopped, 
then raise the needle and read both ends, noting whether 
the nQrth end is east or west of the zero of the scale, 
and take the mean of the readings on both sides. 

Set tfie ijeedle oscillating over an arc not exceeding 45° 
and count the time of five or ten complete oscillations. 
Repeat the observation three times and take the^mean. 

Deter^nCne in this,i way the directions and relative 
magnitude^ of the magnetic force at the points marked 
1, 2, 3, 4, on tke plan of the laboratory on the laboratory 
notice board. < 

Arrange the results as follows, drawing also a plan of 
the laboratory m yohr note-book. 


Position. 

Direction. 

Time of oscillation. 

«» 

1 

T2 



» 9 


1 

lO'^E 

7*75 seconds 

■0166 

2 

\r E 

8 25 „ 

•0147 

3 


7-8' „ ’ 

•0164 

4 

3°E 

' 7-75 „ 

•0166 


< Prom this table it is seen that there are disturbing 
causes at Work , ne^r positions 2 and 4. In order to 
investigate their nature, observations should be made at 
points near .these positions, and sufficiently closb together 
to enable the Jines ^^f force to be drawn from the^ results. 
<t will generally bo found that the irrogillarities are thus 
traced to iron gas or water pipes, or beams in the fabric or 
ffiybiugs of the laboratory. 
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Determination of the Magnetic Moment of a 

Magnet and the Intensity of a Magnetic Field 

Apparatus required. — Magnetometer, magnet, aijid vibrar 
tion box. • 

The determination involves two ej^periments, one the — 
“ vibration experim<fnt,” which givej the product, the other 
the “ deflection experiment,” which gives the quotient of tlie 
two quantities required. * 

Exercise I 

Vibration Experiipent* 

Suspend the magnet ho^rizontall^, in the •box provided 
(Fig. 71), by means of a fine silk fibre, and see 
• tliat it can oscilltrto freely in a horizontal 
plane. • • • 

Place the box at one of the positi(ms marked 
on the plan of the laboratory, deflect the 
^magnet ab(^it 20° froniits ppsition of equilibrium 
bjr means of another* magnet, de^mine 
the number of seconds the magnet bakes to per- 
^ form ten complete oscillations, and divide by 10 Fia. 7i. ^ 

to g6t the time of one ’hscillation. Take three 
observations and let T be the mean time of one oscillations 

Th^ value of T is connected with tb© dimensions, mass, 
^nd m^gnfitic moment of the magnet,*and the intensity H 
of the garth’s horizontal field! by th© equation. 

T = 2» 

where M is the magnetic mbmentj^^ and I depends solely on 
the .shape and mass,* and is %%lled the moment of inertia^ of 
the magnet. In the case of a rectafigi^ar bar if m is the 
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mass, 2a the ^length, and 2b the breadth, the momentc of 
iaertia is given the equation : — 


1 a 

= m- 


' + 62 


The* magnetic moment of a simple magnet, having two 
points as poles, is equal to the product of the strength of 
each pol^ and the distance between them. In the case of 
bar magnets we must content ourselves with the experi- 
mental determination of the magnetic moments. 

From the above Equations we deducp 

'tuw '4ir2I 47r2 


in whicji ‘!R(I and H are unknown, T has been found by 
the preceding observations, m, a, h can be found by 
weighing and measuring the magnet.^ 

, Exercise TI 

' Deflection Experiment 

Adjust the magnetometer provided ‘so that the needle ‘ 
oscillates freely above the graduated ch’cle. liotate the 
box till one end of the needle comes to rest over a zero 
division. The other end of the needle will then be either^ 
over or not far from the othen zero division.* The line 
joining the zeros% vill then be in the magnetic meridian, 
and the projecting centimetre scales on the box will point 
^magnetic east and west, with sufficient accuracy for the 
present/ purpose. ^ ' 

' Read botji ends of the needle, noting whether the read- 
ings are east or west»*of the zeros. * 

Place the bar magnet, of which the time of qscillation 
tfas just been found, oai the scale projecting to tljje west, 
with its northc endc pointing towards thee circular box. 
The ijiagnetometer needle will be d^ected out of the 
magnetic meridian. Bring ct to rest by lowering 
and raising tlie fibrS. Yary the' position of the 
magnet till the deflection is about 45°, then take readings 


^ The equation may also be used a^a basis for the comparison of 
the magnetic moments of magnets allowed to oscillate ^n the same 
place wad their times of oscillation observed. 
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of each end of the magnet and of the magnetometer needle, 
noting in the case of the latter whether, the readings aye 
east or west of the zeVos. 

Now reverse the magnet on the scale, placing it &t the 
same scale readings. » The direction of deflection of^ the 
needle will be reversed. Read the deflection. 

Remove the magnet from the west, and place it at 
the same distance to the east of the box. ^ 

Take readings, reverse the magnet, and again take readings. 
Find the reading of the centre of the magnet on each^ 
scale by 'taking thfe means of the, pnd reading?. ^ With a 
beam compass measure the distance apart of these central 
readings. This is twice the mean distance d of, the centre 
of the magnet from the needle. ^ ^ • 

Find by the table (p. 241) the tangents of the angles of 
deflection observed, and take the mean. * 

If M is the magnetic foment* of the niagnet, 21 the 
distance between its poles, which may be assumed for the* 
purpose of the present exercise to be five-sixths of the 
length of lihe magnefb, H the horizontal intensity of the 
earth’s magnetic force, and tan^ 0 the above mean, 


M _ - /2)2 


tana 




^From the value of M/H thus detormined, and the 
value of MH previously found, the values of both M and 
H can be calculated, ' 

Arrange observation^ and results as follows : — , 


Vibration Bxperimyent* * 
Magnet No. 4. Position 2 in laboratory. 
Lentil of magnet = 6 cnta. > " = 3 and 
Breldth,,^,, 0*48 „ 6= '-24^ = 


90 

•06 


-h 6**=#9 06 
+ 3-02 

+ Ifl) = 33'4 


Mass 


= 11 *06 grtAns. 
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Times of oscillation — THIS, I'D, 6’96. Mean = 7‘0 seconds. 
' _ 4 X 9-8 7 39 48 ± 

fs" W' ~ 49 • 

^ •• MH =a 33-4 X -806 = 26-8. 

. Deflection Experiment 


g Magnetometer No. 4. Position 2 in laboratory. 


Position of* Magnet No. 4. 

f 

Pointer Readings. 

Deflections. 

1 

1 

1 « 


■'I Bnds. 

1 


North 





4> 

s 

Mean 

tan0 

N. 

8.* 


€/ 




1 

E-i 



r 

' ^ Zero 

0 

2*5 W. 

’ 


1 

1 



no 

17-0 

14*0 West 

V ^ 

40*4 W 

43*2 

4S-9 

o 

43*0 

•93 


i7-0 

11*0 

np *„ 

isow. 

• 1 

40*4 E. 

43*0 

42*0 

42 -9 ' 

•93 

925 

* 17^ 

11*0 

14*0 East 

42$ E. 

45*2 W. 

42*8 

42*8 

42-8 

•92 


no 

17 0 

140 „ 

Zero 

42-? W. 
® ] 

40*2 E. 

1 2*5 W. 

4^*7 

42*7 

•42;7 

•92 



Distance 2d frcsi. 14'0 West to 14'0 East = 28’04 cms. <- 
, .-.<1= 14 02 cms. ■cP=196 

•r= 8(3)= 2-6 .-. P= 6 





PART VII 

ELECTRIC CURRENTS 




SECTION XXXVII 
Exercise 

Action of Currents on Magnets • 

Apparatus required . — Simple cell, compass box, con- 
necting wire, and connectors. * 

Two plates of copper and zinc arid a jar ar^* provided 
(Fig. 72). Half fill the jar with very dilute sulphuric 



Fio. 72. 


acid and insert the plates, taking care ^^at the acid does 
n5fr- touch th^ upper part ef the plates where the wires 
are attached, and that the plates do not toifbh each other. 
Connect the terminals of the cell thus formed, by means 
of connectors,” to the ends of a piece of thin copper 
wire about a metre^ long. • • 

(a) Single Horizontal Current. 

Place tjie gmall compaSs on the table, taking care that th^ 
wire from the cell does not pass near it. BiOtate the 
compass b®x till the pointed end of the needl^ comes over 
the mark N of tlie cyal. Arrange the wire from the cell 
so that about one third of its length lies in the ma|;n* tic 
meridian above the needle, and the srest of It is ^t some 
distance fromdhe compass. ^9w brii^ down the length 
which is parallel to tJll needle, towards •the needle, and 
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notice that 'the needle is deflected. Note the position 
1}aken up by the needle, when the w,ire touches the glass of 
the compass b(jx. Reverse the wire, so that the current 
now passes in the opposite direction over the compass box. 
Ndlice, that on bringing down the wire, the needle is 
deflected by an equal amount in the opposite direction to 
what ihwas in the previous experiment. 

Raise the plates out of the liquid. 

When a current passes through a wire, it creates in the 
neighbourhood of the wire a magnetic^eld, the lines of force 
of whicfn v-re circles with their centres in the wire and their 
planes perpendicular to it. The direction in which a. 
north magnetic pole would be moved along these circles, if 
it were placed in the magnetic field, is related to the direc- 
tion of the current in such a way, that if we suppose a 
righted-handed screw (e.g, a corkscrew) to be driven along 
the path of the current, the (direction in which the screw 
is rotated is that in which the pole y^ould be moved, is 
that of the magnetic force. ^ ^ ^ 

Using this rule, determine from the observations the 
direction in which the cifrrent in the wire flows, and hence 
which terminal of the cell is the positive one. 

Place the wjiije in a groove "yunnfng magnetic north and 
south in a piece of wood and the compass over the groove, 
so that the north end of the needle is directly over the^ N 
mark of the dial. Now insert tjie plates in the liquid and 
notfee that the deflection ^ is equal and opposite to that 
obtained *when current passed in the same <4irection 
*above the needle.* Raise theplatbs, reverse direction 
of the iron in the groove^ insert the plates *and observe 
that the deflection is reversed. ^ t 

Raise the plates, place the wire e%st oif west of, and as 
dole ^s possible to, tlie compass box, keeping it parallel to 
the magnetic'meridian, and^in the horizontal plane through 
the needle. Notice that 6n lowering the plates the current 
now appears to <have no effect on the needle. 
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IJecord these observations, and show that^ they are all 
in agreement with the* above rule. 

(b) Single Vertical Current 

Pass the wire throii^h the vertical hole in the stand 
provided, and arrange it so that some length of it^ both 
above and below the hole, is vertical. Place the compass 
needle so that its centre is close to, and west of tfee wire, and 
its north end over the N mark of the dial. Lower the 
plates into the liquid and observe the position of the^ 
needle. Repeat the ^observations with th© centrg of the 
needle, east, north, and south, respectively, of* the wire, 
showing that where deflections of the ngedle are observed, 
the deflections are in the opposite direction wtfen the 
direction of the current through the wire is reversed by 
reversing its connections to the cell. • 

Show that the observations can be expfained, by the 
fact that the earth’s magnetic force tends to set the needle 
in Ihe magnetic meridian, ancl that it is the resultant of 
this force add the force due to the current, which deter- 
mines the direction of the needle. Draw diagrams, showing 
in each case, (1) the direction of the foyge on a north pole 
Jue to the current, (2^ the -dii^ction of the force dae to 
the, earth, (3) the resultanf force on the *sfipposition that 
the magnetic force due to the current is equal to that due 
to the earth. 

(c) Multiple Cuhrents, 

Place the wire again# in the horizontal groove and the 
compass ovjer it, and determine the deflection of the needle 
due to tlje current in the wire on inserting thfe plates in 
the liquid, whep the cfther parts of th» circuit are at some 
distance. Now doifble the wire so that a length ^f it 
passes back over the compassf Notice thaj the deflection 
of the needle is incr^sed, aiK^tha? by arranging the wire 
so that it passes twice under and twicg over the needle, 
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the effect is ^gain increased. By winding a wire a great 
number of tiraec in this way about a magnetic needle, 
an extremely small curicnt can be detected. 

Show that When a wire is bent sharply back on itself 
the. effect of a current flowing iA it on the needle is 
.small, ^ven when it is brought near the needle, so long as 
the two parts of the bent wire are at nearly the same 
distances ffom the needle. 

Hence when a wire carrying a current in the 
neighbourhood of ' a magnetic instrument is l^p produce 
as littlQ. effect ‘as pof^sible on the instrument, the wire 
should be'arrajiged so that near the instrument it is 
folded back on itself, so that the current in one part 
flows in one f direction and in the other in the opposite. 
The unit in which electric currents are measured is the 
“ Ampere.” its vrfiue is such that the intensity of the 
magnet^ field produced by a unit current flowing through 
a wire bent into the form of a circle of radius r is, at the 

centre of the circle, equal to, 7r/6r. ' 

« « # 

(cQ Galvanometers, 

An instrument in which the action of a current on a 
magnetic needle is ' used to» iiqeasura the strength of th*e 
current, is called^ a galvanometer. 

It can be shown that if the wire of a galvanometer is 
sufficiently far away from the magnetic needle, and the 
instrpment is placed with >tbe plane of the wire in the 
magnetic ^eridian, the current required to produce a 
given deflectiorfof the needle, is pr 9 portional to the^tangent 
of the angle of defection. A galvanometer whjich satisfies 
this condition is called a ' “ tangent galvanometer.” It 
serves to compare the strengths of 'electrip currents, and 
if tl^eyadius of the circle formed bj^ the wire and the 
number of turns are known, ^ the current may be measured 
in ** Amperes.” ' 



SECTION XXXVIII 
The Voltaic Cell and Tangent fcl-alv|inbmfeter 

Apparatus required , — Two Lcclandi(^ cells, tangent gal- 
vanometer, resistance coils^ plug key, and connecting wires. 

Each voltaic cell possesses a certain power of driving* 
' an electric current Against ^the resistance offered by a 
circuit. This po\^er,* known as the Electromotive Force 
of the coll, depends on th§ materials composing it, 
that is on the nature of the liquid^ and of the plates, 
l3ut not on# the shape of iha plates or their positions in 
thp liquid. Thus, two cehs composed oP plates of copper 
and zinc in dilute sulphuric acid would have the same 
Electromotive Force, although one cell might have plates 
twice as large as the other, o» twice the distance apg,rt. 

The unit in which electromotive forces are measured i# 
called a “ Volt.” 

The cuj^rent which a cell can sen J through a circuit, 
depends^ on the Electromotive Forte driving the current, 
and on the Il|^sistar(be which the ciicuit tpposes to the 
passage of the cuft*ent. This Resistance is the,s|jiiij of 
two, that offered by the coil itself, and jbhat offered by 
the circuit outside tlfe cell. • , * • 

By Ohm’s Law^ the current generated is equal to the 
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Electromotive Force in the circuit, divided by the rejist- 
^•nce of the circuit. If we call E thfe Electromotive Force 
of the cell, B its resistance, called the “ internal resistance,” 
R the resistano® of the rest of the circuit or the “ external 
res^itance,” and C the current generated, then 

^ . C = E/(B + R). 

If the cell were of the simple kind used in the experi- 
ments in the previous paper, B would be nearly propor- 
tional to the distance of the plates apart, so that by 
decreasing this distance, the current Vhich the cell would 
send through apy circuit of which it formed a part could 
be increawid. B yvould also be nearly inversely propor- 
tional to the ff-rea of the plates, so that by increasing the 
size of the plates the current in the circuit would again be 
increased. * * 

f 

* m 

Exercise 

. * 

To Determine the Intei'nal Resistance of a Cell 

The coil of the small 'tangent galvanometer provided 
(Fig. 73) consistjrf lof three or four turns of wire. Thn 


u> 
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negdle is suspended in the middle of the cpil by a long 
silk fibre. To the needle are attached a *paper “ damper^” 
and a pointer at righl angles to the needle. The angles 
through which the pointer is deflected art? read off on a 
scale underneath it gx^uated in degrees. • 

Place the galvanometer on the bench in such a position 
that the needle is in the plane of *the coils, and the 
pointer therefor^ at right angles to that plape. Adjust 
the levelling screws till the needle rotates freely. Read 
the positions of the ends of the pointer^ which should nof* 
differ greatly from 2ero. If they do, note whetjier they 
are north or south of the zeros. ^ * 

Call these tlie zero readings. , • 

The Leclaiich(^ cell provided is composed oi a zii?c and of 
a carbon rod dipping into saturated solution of ammonium 
chloride. Connect one terminal of Ihe cell through the 
plug key to one terminal of the* resistance coil marked 
“ 2 ohms” provided. Connect the other terminal of the* 

’ cell, and the other terminal /)f the resistance coil, to the 
terminals df the galvanometer. When binding screws are 
not provided on the cell, use “ ponnectors.” 

When the pointer has come to take readings of 
each end, noting whether a* reading is north or south of the 
zefo. * • 

Interchange the connections at the cell, so that the cur- ^ 
rent now passes through the galvanometer in the opposite 
direction, and take readings again. Now disconn^t the 
resistance coil from the wires and connect the^ree ends of 
the wires together. Again take reading. Reverse the 
cell once ipore and take readings. 

Repeat the observations with the^coil in circuit. 
Disconnect tihe celf, and take readings of ^he zero of the 
galvanometer. ThSse ought to coincide with the previous 
readings. 
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Record an(J reduce the observations as follows : — ^ 

^ Galvanometer *No. 3. Cell No. #1. Coil No. 4. 




1 


1 ■ 






• 


Readinqs. 

Angles (>f 

Deflection. 

p 

Mean 

Experiment. 




— 



~5 


with 

t 


East. 

West. 

East. 

West 

Mean. 

Mean. 

1 

coil 

Zero . . • . 


0 “ 

2 " S. 



* 






47 * S. 

4 G N. 

47 * 

48 * 

47*-5 

\ 



With coU . 


« 





} 48*-0 

1-11 



. 1 

48 N. 

51 S. 

48 

49 . 

48-5 

/ 



r • 


ft 








4 

t 

GO N. 

07 S. 

6 G 

65 

65‘5 




Without coil 

» ■ 






} 66*6 

2-19 

1-09 

•k 

1 

^ 6 j S. 

G 4 N 

G 5 

6 G 

65-5 

/ 



ft 

1 

i 

40 H. 

45 N. 

46 

47 

46-6 




With coil . 

• i 






} 47-0 

1-07 




47 N. 

c 

50 S. 

47 

48 

47-5 

/ 



Zero . . « 

c j 

0 

2 S. 






1 





« 







If R is the resistance of the coil, B that of the cell r 
connecting wires and galvanometer, in the experiment with 
the coil in circuit we have : — 

m 

Current with coil in circuit = ^ 

, , . B+E . 

In the experiment without the coil we have similarly t: — 

F • 

Current without coil = ^ 

• ® 

* Dividing the second of these equations by the first we 

— T •• 

Ci^ren^without coil _ B + R _ j ^ R. \ * 

' Cuurent with coif B B 

* 

The ratio of the ^currents observed Js equal to that of 
the thfigents of the angles of deflebtion, hence, substituting 
the values of the tange/its frSm the table, we have ; — 


^ /See* table of tangents, p. 2^7. 
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1 

109 B 

. R^l lO 

‘ B 109 

•. B =: = 99n. 

Hence, the value of B can be found if that, of R is 
known. • 

The unit in which resistance is measured is the “ Ohm,^ 
and the oK>il R has resistance of 2 ohms. Hence B of 
cell No. 1, connecting wires and* galvanometer = I’OS 
ohms. • 

As the resistance of the galvanometer and iDojinecting 
wires is extremely small compared to that cS the cell, we 
may take B to be the resistance of tjie cejl. 

Repeat the above observations with another cell. 

Next connect the two •cells in* series, i,e, connect the, 
cey*bon of one cell ty the zinc of the other, and determine 
the resistance of Jhe combination, using as external resist- 
ance two of the 2 ohm coils connected in series. 

The resistance of the cells in*series should equal the sum 
gof the resistances of the two cells. • • 

Now conhect the t^vo cdlls*in parallel, i.e., connect the 
two zincs together and the two carbons together, attaching 
qpe of the wires from the galvanometer and resistance to • 
the zincs, and the otheij to the carbons, and determine the 
resistance of the combination.* In this experiment use th^ 

1 ohm^oil provided. , ^ 

The resistance of the cells in parallel is about half that 
of each coll. , 

• 

Numebical#Exer&se. — Find, by calculating the current 
in each case, which is the better way to connect two similar 
cells, each having a resistan<3b of 2 ohms, in order to get 
the greater purrent, Vhen thcb resistance in thb external 
circuit is 1, 2, 4 ohms respectively. 



SECTION XXXIX‘ 

’ Measurement of Resistances by the Resistance 
, „ Bridge 

< 

Apjmrntits inquired . — Resistance bridge, astatic gal- 
vanometteiyLeclanClic cell, plug key, resistance coils, and 
connecting wires. 

Currents in Multiple Circuits 

When the current can proceed along two or more paths, 
between any two points of a, circuit, it divides, and part of 
it goes along each path. If R-,, R^, &c.*are th5 resistances 
of each of the paths, l/R-^, l/Ro, ttc., are called the “con- 
ductances ** of th^ paths, and the current along each path 
is propoi-tional to the conduce tan ce of that path. The con- 
ductance of tin!,* paths together is equal to the sum of the 
conductances of all the paths, and the ratio of the current 
through one path to the total current is equal to the coSu- 
ductance of that path, divided by the sum of the conduct- 
ances of aV the paths. 

These statementij may be proved .as follows : — 

Ohm's Law, applied to a length of wire tliroiigli which a 
current flows, and in which ‘there is no generator qf electric 
. current, stated that the current is 'equal ^o the Electro- 
moti\?9c Force or difference of potAtial between any 
two cross sections, divided*- by the resistance between 
the same* sections. Thus, if two points, A apd B, having 
a difference of potential V, are joined by a number 
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of wires having resistances Rg, etc., and if the currents 
through these wires are Cg, etc., respectively, we ha'je 
the equations 

Cl = y/Bf, C, = V/Ra, C3 = V/Rg, etc. 

Calling the conductances Kg, , etc., the e(|uations 
become 

Cl = KiV ; Cg = KgV ; C3 = K3V ; etc., * 

Hence ^thc currents through the separate wires are pro^. 
portional to the contluctances. ^ , 

Adding up the equations, remembering that ftie whole 
current C is equal to the sum of the cufrents C^, Cg, C 3 , 
flowing through the separate wires, wo find ^ • 

C = (Ki + K2 + K3+ . .^)V. 

Hence , 

C,/C = Ki/(Ki4-*K2 + K3V . . . ). 

If we had a shigle wire, such that with the same 
difference \>f potbntial V Wtween its ends, the same 
current C would flow throu^i it, the conductance K 
^ would be given by the condition 

• • e =*Kv. 

• Hence 

, K = Ki + K., + K3+ . . . . 

and 

1 4-^+ 

E R, Rg Rs ' • ■ • 

where JR js the resist«tnce of the single wire. 

• 

Example. — A Leclanche cell, hitving.an EMF of 1*47 
volts (a volt# being* the unit of Electromotive Force or 
difference of pofential) and an internal resist^ce of 
2 ohms, has its terminals connected by each of two wires of 
resistance 1 and 2 6 hms. Fjnd the total current flowing 
from the cell and the current in each wire. 
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^ Resistance Bridge 

Let a cell C l?e connected to the system of wires ARj, 
BRg so that between the points A and B the current 
proceeds along the paths AR^B, AR 2 B‘(Fig. 74 ). 



Then a certain difference of potential exists between the 
points A and B, and if we suppose A to be at a higher 
potential than B, tiib potenti^^,! will vary along,, each of the‘ 
wires AR^B, AI^ ,15 from its value at A to its value at B. Let 
R]^ be a point on the wire AR^B, Then there must be 
some point on the wire ARgB, which is at the same 
potential as Rj, and if the ^termif^als of a galvanometer 
fvere connected to Rj an<f to the point oil the other wire at 
the same potential, there would be no current throfigh the 
galvanometer. LetR'gbe the point at tte same potential asRj, 
and let us fki4 the relation between the resistances of AR^ 
and BRj, ARg /ind BJlg order that .this may be the case. 

By Oim’s law, we know that the EMF or difference of 
potentiai, between any two pi^jnts in a conductor carrying 
a current, ^s prot)ortionai to tljis resistance of the conductor 
between the two points, *■ 
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Hence we have 

diffe rence of potential *betw^n A and R^ __ reeistance o f ARj j 
do* A and B ^ do. • ARjB 

Similarly ^ 

difference of potential between A and R, __ resistance of AR, 
do. A and B ~ do. 

• • 

Now, if Rj and Rg are at the same potential the fractions 
on the left sides of these equations are equal. Hence^^ 
equating the right njembers, we have 

resistance of AR^ _ resistance of ARg 
da AB;B da , 

from which it follows that 

resistance of AR^ __ resistance* of 

do. RiR do.* RaB* 

Hence, if we knov* the ratio of the resistances of AR2 
and R2B, and find that a ^Ivanometer connected to R^ 
and Rg gives no deflection, we know also the ratio of the 
resistances of AR^ and R^B. * 

• • 

« • • • 

The Astatic Galvanon^et^ 

• In the tangent galvanometer, it was seen that the force 
due to the current passing through the coil and tending to 
deflect the needle from the magnetic meridian, was ofiposed* 
by the frrce on the needle due to thq magnetism ‘ of the 
earth. •!£ "by any means we could diminish the force on the 
needle due* to the earth, then with tl^ same current flowing 
round thb galvanometer coils, we should get a^greater deflec- 
tion, that is otir galvanometer would be more sensitive. 
In the astatic galvanometer^ this is secured by aft^hing 
the needle within thp coil rigidly ho anothA* needle nearly 
like it, out^de the coil, but witb^its poles turned the 
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opposite way. The forces on the needles due to the earth 
i^ct in opposite r directions, and it is only the dilference 
between these forces which now opposes the deflection of 
the needle. Ofi the other hand, by the fundamental laws 
given in Sect. XXXVII., the forced due to the current tend 
to prqduce rotations in the same direction. The galvano- 
meter is thus rendered much more delicate, and the needle 
moves whep a very small current passes •through the coils. 

.. Exercise 

The (».8tatic gal variometer provided (Fig. 75) is to be 
placed on the table with the plane of the windings parallel 



Fio. 76. 

Ir 

4 ^to thd needles when the latter hang freely, and rotated 
in a horizontal, plane and adjusted by means^of the 
levelling screws, till the upper needle moves Jfre/)ly. over 
the small spale between the^tops and comes to rest with 
one end over Jhe midctle division of the scale. When this 
is the case the coils are in the magnet^ meridian. 

Ccfahect a Leclanch^ cell through a plug key K to the 
screws A,^ B of the Resistance bridge (Figs. 75 and 76). 
The plug must be Uken OlA when obaervfljtiops ^.ro not 
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being made. In the gap P place the l-ohgi resistance 
coil provided. In Q place ^ piece of No. 34 copper wirci 
1 metre long. Conned one terminal of the galvanometer 
to G, and attach to the other terminal a wi?e C, the other 
end of which is con^ecfed to the terminal of the sliding 
contact of the bridge wire, or, if there is no slider, is 
inserted in a cork in such a way that by holding the cork 
in the hand, the *end of the wire can be brought into 
contact with the wire of the bridge. 



" Insert the plug K,*and m^ike contact for an instant 
between C aiM the middle of the bridge wire. The needle 
of the galvanometer will probably Jbe deflected. Alter the 
point of contact of C with the wire t^U, on making or 
breaking contact, no effect is observed on th^ needle. Take 
a residing of the position of on the scale u rider the wire. 
Repeat this determination three times, and take the mean 
X of the readings. If the bridge wire is uniform and 100 
divisions long, the resistances of the two parts, AC • and 
CB, are in the ratio a; to 1 00 — a;, and if P is^thewesistance 

of the coit Q that of the* wire, we have t 

• • 

Q _ 100 -? a; • 

^ X 

or • 

Q = p(i2?al). 

If P is known this gives the value of 

F 
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Take a giece of No. 29 platinoid wire, 30 cms. long, 
^nd place it in one of the gq.ps ot the bridge, and deter- 
mine its resistance. 

Similarly determine the resistances of 15 cms. of the 
same wire,, and of 30 cms. of No. ^25 ^wire, and 40 cms. of 
No. 3rl iron wire. 

The resistance of a wire of length Z, and diameter c?, is 
proportional to I, and inversely propoi*tional to and 
depends, in addition, on the material of the wire. 

The quantity — s® called the resistivity 

or speclfio. resistance bf the material of the wire. It repre- 
sents the resis<;ance of a cube of the material of 1 cm. edge. 

DeVirinine by the wire gauge the diameters of the wires 
used. 

From the ebseryed resistances and the dimensions (see 
table, p. 239) of the wires calculate the specific resj stances, 
and tabulate as follows : — 


Bridge No. 2 Galvanf'nietcr No* 4. Coil No. 5 
Resistance of coil No. 5 = 1 '02 ohms = P. 


Wire. 


ftcsistancc wiiy 

cms. 

diameter 
of wire. 

Cross 
secti#>n 
of wire 

Resist X see Aon 

do. coil 


longtli. 

r 

100 cms. copper 

74-3 

•340 

•353 

•023 

•00043 

•000,001", 4 

No. 34. 



« 




30 cms.platinoid 


1 





* No. ^ 9 , 







15 cms. do. 

< 

r 





30 cms. platinoid 


« 





No. 25. 





% 


40 cms. iron . , 







No. 84. 

1 


« 




j 

j .. 


C. c 

It will bo evidenj; froiL the observations, that the 
specific 'resistance of platkiOid is c(Aisiderab\y greater than 
that of copper. i ' 
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Comparison of Electromotive Forces 

Apparatus required. — Astatic galvanometer, wire 
stretched on scale, a storage cell, othey cells, a key, and 
connectirifiT* wires. . 

* * / • 

We have seen that when a current passe» along a wire, 
any two points of the wire differ in poterftial, byiah amount 
which is equal to the product of the curl-ent passing 
through the' wire, into the resistance gf th^ wire between 
the twp points. Suppose we have a cell, the EMF of 
which is equal to this difference *of. potential, and we 
conpect the negative^ terminal to the point of the wire 
which has the lower potential. • The terminal of the cell 
and the connecting wire attached to it, are then at the 
same potential as the point of the^original wire with which 
tl^e connecting wire is in contact. If •we connect the 
positive termiTial of thef cell widi the other»point by means 
of a second wire, no current will flow aiong this wire 
through the cell, since the two ends of the wire are at the 
same potential, but if th^ second connecting wire be made 
to touch any other point of the original wire, a Qu4*rent 
will through the cell, the direction ^f tlte current 

depending op the side of* the former point at which contact 
is made. . Dy placing a galvanometer in series, with the 
cell, the position of second point of contact in the wire for 
which no current through the cell is pS)duce3 can there- 
fore be found. If then the resistance of the original ^ire 
between the two points of cont&ct, agd the current through 
the wire ace Jjnown, tlte EMF ^)f the cell which is the 
product of the two, tnay be found. If*th9cell be replaced 

p 2 
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by another having a different EMF,^the distance between 
title points of contact of the connectijig wires for no current 
through the cell will be different, and if the current through 
the wire is the same in the two exj^eriments, the ratio of 
the lengthsrof %^ire between the points, of contact in each 
experiftient, will be the ratio of the electromotive forces of 


the cellsp 


T?v 


I.-'T>r<TCT? 


A thin platinoid wire AB is stretched along a gradu- 
ated scale, and tlie ends of the wire are .connected 
through^ 4. pldg kcy^K to the terminals of a storage 
cell C (Fig. 77y Care must be taken to ascertain that the 

stretched wire is of a 
sufficiently high resist- 
ance to prevent the 
storage cell from send- 
iiig too large a current 
through it, and runijing 
down rapidly. The 
plug K must be in- 
serted only when an 
observation is beii^ 
made. • 

The LeclanJh^ cell D, which is to be tested, is placed 
in series with an astatic galvanometer G, in such a way 
that the negative pole of the ce^ (the zinc) can be con- 
nect€d,by the wire E and h sliding coj^itact to that end of 
the stretched yire which is connected to the negative pole 
of the storage cefl (the pole pahited black) oj^ to any 
other poipt on the wire. . The wire F, attached to the 
galvanometer, can al6o, be connected to the strel^hed wire 
by means of a secdhd sliding contacb,^ t 

E into contact with the end of the stretched 
wire, and find'a point ^lon^the wire with which F may be 
cohnectelB, without the galvanometer ’needle being deflected. 
Take the reading of the point. Kow place E at the division 
10, and repeat the de^rminat|;on. Similarly with E at 
20, BO, etc., till reaches the other end of the scale. 
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Now substitute for the Leclanchd a Daniq}! cell, and go 
through the same s^ies pf observations. Replace tfee 
Leclanch^, and repeat the original observations.* 

The object of this repetition is to elinlinate errors due 
to a possible decretsse of the current from #ie ^storagef cell 
during the experiment, ‘ The point E is moved abng the 
stretched wire, so as to get rid of errors due to jbhe want 
of uniformity of the wire, since we are about to assume 
that the resistance of the wire between any two points is 
proportional to the distance between the points, and thlS 
is only true if the wire is uniform. • • * 

Tabulate the observations as follows : — ^ 


Wire No. 2. Storage cell No. 4. (Salvanomele^ No. 1. 


Cell 

Kcading E 

Reading F. 

Uifrerence 

• 

Mean. 

• 

Leclancho 
^ No. 3. 

• 

0 cins,* 
10 

• 39 

70.2 enfs. 
70-8 

901 

99-9 

• 

70*2 cms. 

69- 8 

70- 1 

09-9 

70-0 

Daniell 

No. 5^ 

• 

0 

10 

2b 

30 • 

40 

• 

55 0 

64-8 

Ttil 

83-9 

92'8 

55-0 

55-4 

53-9 • 

52-8 

54-3 

Lcclancliu 

5^0. 3. 

• • 

• 

• 

• 0 

10 

• 20. 

30 

7l-0 

80-8 

91 0 

100-7 

71-0 

70-8 1 

cro* 

70-7 

1 

1 , 

. * 

• 


• . EMIJ Leclanch6 '»0*4^ , 

SMP Daniell 64*3 " ^ 

Take observations for a sii^ple cell of zinc and* copper 
in dilute sulphuric agid, and .then again for the ^Leclanchd 
cell, gividg'flie whole of the observations and results in 
tabular form as above. Note that the SMF of the simple 
cell varies rapidly. 
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Thee Passage of Currents through Electrolytes 

Apparatus required . — A water voltameter, storage cells, 
and a tangent galvanometer. 

When an electi’it* current is sent through certain liquids 
betweei^ electrodes on# which they haVe no chemical action 
the liquids' are^ decomposed into two constituents, one of 
which appears at pach electrode. Such liquids are called 
electrofytes. » The amount of decomposition poduced is 
proportional to the amount of electricity sent through the 
liquid, a relation wlfich is known as Faraday’s first law of 
electrolysis. If a current G Hows for t secorfds, the 
amount of electricity which has passed in the time is C^, 
and if m grams of the electrolyte arh decomposed we Have ' 

m = m 

when K is a constant fiepending on the nature of the 
liquid. * * f- 

, « f ® • 

f. Exerocse 

• 

The electrolyte to be decomposed in the present exercise 
i« water, to which a little acid has bben added to render 
it elewt/’olytic. The water *is placed in an N-shaped glass 
tube provided )vith two plaiinum electrodes tliroijgh which 
the current enterSf*and leaves the*liqftid. The gas .which 
ascends from one electrode^ collects in the closea limb of 
the tube, and its vofuijde is indicated by the gi^id nations 
on the tube or on*’ tlie stand. Such an|. arrangement is 
called* a water voltameter (Fig. 78). 

To verify diat the ^ amount of gas liberated is propor- 
tional to’the product of tW strengfii of the^ ciyrent, into 
the time for which it has passed, fill the closed tube of the 
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voltameter and the middle tube with dilute acid up to 
top of the middle tube by tilting it, and* connect the 
voltameter, two storage c^ls, a plug key 'as a convenient 
make and break, a tangent galvanometejf, and a 2-ohm 
coil in series. In order that the hydrogen may /jollect in 
the closed tube, thfi platinum foil in that tube shoulS be 
connected to the negative, i.e. black terminal •of the 
storage cell. Take the reading of the zero* of the 
galvanometer. Insert the key, and observe Whether the 
deflection on tlie galvanometer is rea^lable, and the ra<^ 



of production of gaj^ such thilt one centimetre of the 
•tube is filled in one or two minut«s^ Increase or de- 
crease the resistance* in ^dirdhit till thi» is the case. 

*Take the time at which the gas reaches the 1 cm. mark 
«n the glass tube,, read the galvanometer when the gas 
reaches 1*5 cm., obser^ie the time at the second cm., read 
the galvanometer^ take the time at the third caft., rearj 
the galvanometer^ and finally takg the time • at the 
fourth * • 

Find tlie tangents of thev angles of deflection on the 
galvanoftieter, multiply each by the time which the Current 
has taken to generate the c,c. of ga?, and show that the 
three products are approximately equal. ^ •• 

Tilt the tube so as to refill tfce closed limb with the 

^ The (Sbrrfiction due to the diffidence of level of the* liquid in the 
two tubes may in the above experiments flb ntglectcd. 
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dilute acid. Alter the resistance in the circuit so as to 
get a currenf of different amount g-ifd repeat the observa- 
l5ons. SJiow t*hat the products of the tangents of the 
angles of defleqtion into the times, in the second series of 
experiments, are identical with thosb in the first. 

Tabulate your observations as follows : — 

'Tube 3. Galvanometer 5. 

• ^ Hydrogen collected. • 


c.c. 

Time. 

Interval ’ 
Seconds. 

Doflection. 

Tangent. 

Time 

J^Taiigcnts. 

lO* 

20 

3 0 

4 0 

M. , a. 

\i 15 6 
16.17 
t 17 30^ 
• ;8 40 

• 

72 

73 

70 

27*5° 

27*5 

28 0 

-.52 

•52 

•53 

37*4 

38 0 
• 371 . 


TemperaVire of. gas 18° C. Barometer 75*2 cms. 
♦Similarly for the other observations. • 

If the nature of the gas collected in the closed tube is 
known, the above experiment may Ife used to determme 
the constant of the tangent galvanometer used, i.e. to 
determine the multiplier whicB converts the tangents of 
the angles of deflection into amperes. 

Let, for example* the ga^ in the, above ei^periment be 
hydrogen. Tb(fn since 1 ampere flowing for 1 sec 9 nd 
liberates *118 c.c. of hydrogen at 76 cms. and 18° C., and 
the volume generated in a given time*- has been observed, 
tlie current which pas.sed caga be ffiund, and by comparison 
' with Iho tangents of the angles of deflfection, the current 
which woufd gile a# deflection of 4Q° c^n, be calculated. 

Calculate the cohatant of the galvanometer!,, tabulating 
your work as follows ^ 

•Mean ?f times x tangents = 37*^ 

Volumes at 75‘2 cms. pressure * =: l*c.c. 

• ' Volumes reduced to 7^ cms. pressure -76/76 c.c. 

•. ^nstant of gal<anome//er sr^y/ 437-5 x ‘118) == *223. 
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SECTION XLII 

t 

Blectriflcation 

AppaTatus required , — Glass ^nd el&onit|5 fods? rubbers, 
electroscope, electrophorus, insulated spheres, and cans. 

• i 

Before commencing this exerejse, studeAts should make 
themselves familiar with the elementary laws of electrical 
Attraction and repulsion, explained in text l)ooks. 

The experimcHts Are to bb performed in the order here 
indicated, the distribution of the electric charges at 
the difiPerent stages shown by lliagrams in the note-books, 
and reasons given for the effects whiTilf are observed. 

Before commencing, tfie glass and ebejnite rods and the 
rubbers should be dried. 

• 

I. Bleottiflcation by Friction 

t 

V 

а. Rub a glass rod with silk, ajid hold •it over some 
small pieces of paper on the bench. • They are attracted, 
showing \hat the rod is electrified.^ 

б. Rub an^ebonitb or a sealing wok rod ^ith flannel, and 
show that it is electrified. 

c. Suspend an e|pctrified^glasscod horiJontally by means 
of the %iHd thread nrovided, and show that another electri- 
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fied glass rod repels it. Similarly two electrified ebonite 
rods repel eacb ofiher. c ^ 

d. Show tha^ an electrified ebonite rod attracts an 
electrified t glass rod more than an unelectrified ebonite rod 
does. 

II. Electroscope 


The electiEoscope provided (Fig. 79) is 'surrounded by a 
metal case, in order that the leaves raa}" be afiected as 
little as possible by electrified bodies* in the 
iveighbourliocd. » 

, a. Oharge the instrument by bringing an 
electrified gla^ rod into contact with the 
circular disc or plate at the top. 

6, Bring an electrified glass rod ncStr the 
plate without touching it, then remove it again. 
Record what takes place. , 



c. Bring a strongly electrified ebonite' rod towards tho 

electroscope. If the charge given tq the electroscope was 
not too large, the leaves will collapse and again diverge. 
Remove the ebonite, and discharge ^ the electroscope by ' 
touching the plate with the hand^ ^ 

d. Bring an electrified glass rod near but not touching 
the plate of the discharged electroscope. Touch the plate 
fWith the band for an instant and then remove the glass rod. 
The leaves ^diverge.^ Explain the reason for thir. The 
electroscope is said to have been charged by “ Xnchiction.” 

e. Bring an electrified glass rod towards thff pla^ of the 

electrdscope ; the lea-/es will collapse and ^again diverge. 
Bring charged ebonite rod towards the plate, and the 
leaves diverge fprther. ' 

Compare these observations* with those of 6. and c, and 
give the reason for^ the difference. t 
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III. Electrophorus 

a. Charge the efectroScope by touching* it with 
electrified glass rod. 

h. Excite the ejponite disc of the electrophorils 
(Fig. 80 ) by rubbing it with flannel. Place* the^^ 
plate on the ebonite, touch it for an ifistaiit with 
the finger, arn? then raise it by means of,thh 
insulated stem. 

c. Bring the plaje of the electrophorus near to that 'of 
the electroscope. The leaves of the electro^^oje diverge 
further. If the ebonite disc be brought «iear the electro- 
scope plate, the leaves collapse and Again div'erge. Give 
the reaf^on for these results. * * 

IV. ‘ ‘ Indti o^ion ” 

• a. Place two uncharged insulated brass knobs in con- 
tact. Bring the^ charged plate of the electrophorus near 
one of them. Without touching the knobs separate them 
while the electrified "plate is :tear, and show by bringing 
them in succession near the plate of» IJie charged electro- 
scope, thaif they are ‘charged* differently., 

• • » 

h. Bring the knobs into contact, and show that neither 
Tias now any effect* on the electroscope. ’ 

. c. Discharge electrosdope, and place on a J;)lock of 
paraffin, the can with which you are provijled, and’ by meaiJs 
of Q. tliin»wire coAnedt it to the plate' of the instrument. 

If thef plate of the electrgjscope is firm enough the can 
may bo placed directly on it. • 

d Charge* the» electrophorus, and bring the plate 
gradually down into the c^. The leaves of tHiJ electro- 
scope diverge and ^e dive^gencei increases till the plate is 
wfill wttkm the can. then Remains the safudeven if the 
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plate be made to touch the inside of the can. If the plate 
be^ removed and the ebonite di^c of 'the electrophorus be 
now brought similarly into the can 6y means of the silk 
threads attached <^to it, the leaves diverge as before. 

e. Charge, the electrophorus, but leave the plate in 
contact ^./ith the ebojiite, and bring tlie two together into 
the insula, ted can. No effect is produced ^ on the electro- 
scope, showing that although both the ebonite and the 
plate are charged with electricity, the external effects of 
the charges neutralise each other. ^ 

On acccuh^t of ‘this property of neutralising each other, 
which the different kinds of electricity possess, one is 
called “pos*itivc” affd the other “negative”; gl^i?5s, when' 
rubbed with sifle, is said io be positively, ebonite rubbed 
with flannel to be negatively, electrified. 

When electricity is cfencnttcd hy friction^ equal quantities 
of positive and negative electricities are produced. 

This can be proved by connecting can, containing a 
smaller insulated can in which an ebonite rod pan rotate 
against cat skin, to the plate of the electroscope. 

If the ebonite is rotated, •' electricity will be produced by 
friction, but so long as the ebonite remains in the inner i 
can, the leaves of the elec trosco^pe* remain in contact. They 
diverge if the ro5 with its negative charge is withdrawn. 


; -V 



SECTION XLIII 
Potential and Capacity 

Apparatus required. — Electroscope, insulated metal 
plates and glass plate. ^ > 

Before commencing the experiments, students should 
read the account of Potential and of Capacity given in 
some text-book. 

» I. Potential 

The divergence of *the leaves of the electroscope depends 
on the difference of potential between the leaves and the 
surrounding case. ‘ 

Place thp electroscope on an insulating stand (a cake of 
paraffin), connect the plate and case, and charge by bring- 
ing the charged plate of the electrophorus several times 
into contact with that of the electroscope. Although a ^ 
large charge is givem'to the electroscope, no divergence 
hf the leaves occurs. j 

Disconnect the plate and case, t<»ucliing eacK to dis- 
chargd^ljjbm completely. 

Give a succession of charges to^ the case, 'and observe 
that tlie leaves diverge. Stop tl^ changing when the 
leaves are sli^tly^diverged, touch the plate of the electro- 
scope, and observe that ^he leaves diverge * further, 
although the hand^ is in <3ontac^& with &ie^ plate of the 
electro^T^e. Explain the cause of jbhis by a diagram. 
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, Remove the hand, and discharge the case by touching 
it. The leaves collapse partially. ^Bischarge them more 
cdTnpletely by tohching the platfi. « 

Place an invented metal can on the top of the case of the 
electroscope, so that the plate of tlie' instrument is almost 
entirely surrounded by metal. Repeat* the above experi- 
ment, and notice that a strong charge can now be given to 
the case without the leaves diverging. Eifplain this. 

Touch tlie case and can, so as to discharge them. 
Remove the can, and give the leaves a small positive 
charge, by ^ toucjiing the plate with^ the, plate of the 
electrophbruu. If the charge is too great, allow some of 
it to leak away fey touching the plate with a strip of paper.. 
Show that op bringing the recharged plate of the 
elcctrophorus near the plate of the electroscope, the 
divergence of ihe leaves increases. Charge the case 
by the electrophorus, apd ^notice that as the charging is 
/jontinued, the divergence of the leaves diminishes to zero 
and then increases. On now ' bringing the plate of the 
electrophorus near that of thd electroscope, the. divergence 
of the leaves diminishes. Explain this by means of 
diagrams. ' ^ 

Discharge the c&,s6, and again charge the electroscope, ^ 
so that the lea^^e^ diverge a liftle. Touch the case, and . 
notice that the divergence is increased. State the reason 
for this. ‘ ‘ . 

II. Lines of Force ‘ 

Connect the plato of the electrdscope'^ by means of a 
thin wire tp one of the sn^aller vertical insulated metal 
plates (Fig. 81). ^ ^ *' 

Talile. piece of th^ih wire, about 6 cops. IcJSig, and attach 
to dneAHid by means of a little gum, a single cotton fibre 
^bout 2 *cms. long, obtaicied % pulling to shreds a piece of 
cotton thhe^; Charge the* metal plate, ' ci»d hold 
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the wire so that the cotton fibre is near^ in contact^ 
with the plate. Ncftice ^that the fibrq sets itself^ ^o 
as to be perpendicular to the surface of the plate. Move 
the fibre round the plate, and along the Vire connecting 
the plate to the electroscope, without touching them. •Note 
the direction which the fibre takes at the edges of the plate 
and along the wire. Owing to the presence of the charge 



Fio. 81. 

- * • 

on the plate, an opposite charge is ‘induced on the end of ^ 
the fibre, the charge of like kind to that on the plate 
being conducted tjiough the fibre and wire to earth. The 
charge at the end of the fibre is attracted by the plate, 
and the short length of fibre neaf the end sets itself along 
4;he lines of force. • • 

• • • • 

• • 

III. Variation of the Potential round a 
, , Conductor 

ff 

Remove the electroScope from the insulating ^tand 
arid place it on • the bench. The case wiy ri^w be * 
connectdtl through .the, bench to eartl^ and its potential 
will fihefefd^e be zero. Hence the divergence of the leaves 
will indicate the potential of tflb bod^r with which they are 
connected. If that potential is posiiive, tUlen a positive 
charge brought \ieai^ the plate of the electroscope ii^eases 
the divergence, if i^ is negative the charge decreases the 
divergence of the leaves of the instrument. . ^ , 

The poituatial of §,n insulated positively gharg^ conductor 
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hot in the neighbourhood of other conductors is positive, 
an^ the poten?ial at points in the aijr«surrounding the con- 
ducior diminishes* on all sides. To s^iow this, charge the 
larger of the metal plates (Fig. 81) by means of the electro- 
phoru3. Connect one of the smaller plates to the 
electros^pe,* and move it, by means of the insulated 
handle, towards the charged plate. The leaves diverge, 
and the divergence increases as the plates approach. Show, 
as above, that the potential of the smaller plate is positive. 

‘.'To charge the larger plate negatively by means of the 
electrophprus, place tli^ plate of the electrophorus on the 
ebonite, and‘'in8j^ead of touching it to take away the nega- 
tive charge^ connect it for an instant, by means of an 
insulated wire^'held by aosealing wax handle, to 'the large 
plate. The negative charge then goes to the metal plate. 
Raise the plate of the electrophorus, touch it, and repeat 
the above operations. ’ „ 

Prove, as above, that the potential of the metal plate is 
negative, and that the potential inci^^ses algebraically bn 
all sides of the negatively charged metahplate.« 

IV. Capacity 

4 9 

Connect the l^rge plate to^the electroscope,, remove theP 
smaller plate t® some divstance, and touch it. Charge the 
larger plate and electroscope, the divergence of the leaves 
o£ which indicates the potential to which the two have 
been ijharged. Now bring the smaHer plate, which is at zero 
’^poient^l; towards the larger plate ; the divergence of the 
leaves of the. electroscope diminisheg, honce the poffenti^ of 
the large plate diminishes. We have seen abo^e,*that the 
potential of the smaUer pikte increases. Thus the two 
plates mutually inflitence each other* Touch the smaller 
plate,^ 4 nd notice that the divergence dfgain* diminishes. If 
the plates are vpry near together, on touching the smaller, the 
divergencp q|.the leav& can^e dimiciished to a very small 
amount. To cat^e the original amount of dim'gence, it 
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is necessary, if the smaller plate be kept connf^cted to earth, 
to give a great nump^r of charges to the larger plate^or 
to remove the smaller plate from the larger. The quantity 
cf electricity which it is necessary to give to a conductor, 
in order to raises its potential by unity above tliat of 
neighbouring earth connected conductors, is daifed the 
“ Capacity ” of the conductor in its particular surround- 
ings ; and* we see from the above experimeht that the 
capacity of the arrangement is increai|ed by bringing the 
plates nearer together. On account of the large capacity 
of a plate close to another plate dbnnected ^arth, the 
system is called a “ condenser.” • 

• If a negative charge is given to the ftmaller*plate which 
was touched, its potential will b^ negative, and there will 
be some point between the plates which has the potential 
of the. earth. , • 

Discharge the electro^ope an^ charge one of the 
smaller metal plates ijegatively, as described on the previous 
page, giving the pthor plat^ the positive charge. Place 
the two plates on opposite sides of the large plate, and 
about 4 cms. apart. Move one*ef them about parallel to 
Jbhe others till the divergence of the ie^ves is zero. The 
large plate dlight, if the chaises on the ^uter plates are 
equal, to be half way between them. If tlie charges are 
not equal, the position will be nearer the plate Tiaving the 
•smaller charge. • 

ft 

V. Influence of*the Dielectric between the Elates 

Arrange ,the two* smaller plates opposite each other with 
a' plate of glass between them.^ Connect one by means of 
a wire to*the electroscope. Charge and tpuch the other 
plate, so as to liring^its potential to zero. Withdraw the 
glass plate suddenly, and notice that the divergenc^^f the 
leaves of the electroscope increaftes. Shbw from this 
experiment that the (Sielectric constant of glltSs is greater 
than that of air. * 
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ADDITIONAL EXERCISES 

f 'f • 

SECTION XXl.Aj— To determine the coefficient of 
expansion of, a gras ‘With temperature, the. 
presfiiurh remaining, constant. 

Apparatus rcgmrerf.— Graduated capillary tube containing air, 
closed by sulphuric acid ifidex, water-bath, thermometer. 

When the pressure to which ti gas is subjected remains coiTstant, 
the volume Vt the gas occupies at any temperature is given in 
terms of the volume at 0‘’C by the equation v«=Vo(l + aO» whefe 
a is a constant known as the **coefiScient of 'expansion of the gas at 
constant pressure.” 

It is the object of the present exercise to determine the 
quantity a. ^ ^ 

The capillary tube^upplied is clpsed at the end from which the 
graduations start. #It contains air, and <s closed at the other end by 
a column of st^rong sulphuric acid, which extends a few millimetres 
^ up the wider tube attached to the capillary tftbe. The acid serves* 
as ah index and keeps the air dry.^ « 

Place 'tjhe tube horizontally in the water-ba^h supplied, and fill 
tne bath with the end of the wider tube );>eing ktpt well 

above the surface of thecwater. Place a centigrade thennqjvet^r in 
the water and stir well. When ^e indication of the tftbrmometcr 
is constant, read the tempeCature, and the position of the sulphuric 
acid index in thcf capilla^ tube. If iee is tfvailab^, add sufficient 
to the w^ter to lower its temperature to lt)®G, and repeat the 
observatmns of tezimerature and vfilume. Th^n pour out the water 
and surround the tube with ^ce. I^hen the^.emperature has fallen 

to 0”C, read ft ahH. the volume. Place a Bunsen burner under th'e 
* ' » 
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water-bath and raise the temperature to 10®C, remove burner and 
repeat the observatione^ after stirring the wateP well. Continue 
the process, taking reading^ of volume and temperature atwibout 
20®, 30®, 40®, 50®, 60®, and 70°C, before each reading stirring the water 
well and keeping its temperature constant, for a fe^ minutes by 
turning down the burner. Now add cold water tj^ the bath, so as 
to reduce its temperature by steps of about 10®C to tkalsof the air, 
reading temperature and volume at each step. 

Record the obsfervations graphically, taking^distajgces to the right 
in the squared paper of your note-books to indicate temperature, 
and distances upwards to indicate voluiAes. Draw througl^the 
points so obtained 4.he straight line^ which best ^represents the 
observations. •* • 

By means of this straight lin^, read the vofumesjUgo at 50®C and 
Vq at 0®C, Divide the former by the latter, 8ubtvact«l from the 
quotient and divide the difference* by 50. The quotient is the 
coefficient of expansion of the gas at ^ consent pressure a ; the 
oxpapsion of the glass of the tube and th^ slight change of 
pressure due to the motion <)f the suiphuric acid up tlie wide tube 
being negligable. 

Record the calculafion as follows : — 

• * Tube B. 

Vq =10*20 scale divisions of tube 
v,n=12(f5 ,. •. 

!!50 = i .181 !^-1 = ' 181 ,’ 

• - ^ rwo* 

Z20_i 

At the conclusion of tlTe exercise pour the water out of ^he water- 
bath so as to leav^ the gas tube dry. ^ • 

SECTjpn xXl.B.^Tt) Determine file Dew Point and 
* the ^Relative Humidi^ or Fractional Saturation 
of«the Air. • 

Appai^btiLSi Reqnirod . — Daniell hygrdweter, efher. 

The air generallj^ contains water vapour, and the ten^erature to 
which the air has to be cooled i% order that the vapour condense 
on bodies with whicj^ it comqp into%:ontact is known as the Dew 
Point. •It fs the temperature at which the amountf of Vapour present 
at the time would*be sufficient to saturate Dhe air. 
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, TheDaniell hygrometer supplied consists of an inverted (J -shaped 
tube, with*the legs unequal in length and eaq^ provided with a bulb. 
The^lpwer bulb is generally silvered vor gWed, and within it the 
bulb of a small thermometer is placed. The upper bulb is covered 
with muslin. The wfiole tube hciS been exhausted so that it contains 
a volatile liquid and its vapour only. At the commencement of the 
exercise tj^e hygrometer should be tilted so that the whole of the 
liquid is in the lower bulb. Allow the instrument to stand in the 
laboratory f«r ten minutes before using. Then w-ead the therjno- 
. meter in the lower bulb and that outside, generally on the wooden 
stand of the instrument. « If the two readings do not agree, we shall 
take the thermometer within the tube as correct, and apf ly a cor- 
rection to the n^adings of tEe outer one so as to bring its readings 
into agreement with#the inner one. 

Now pla<^e tli^ hygrometer outsifte at a point in the shqdc where ' 
there is a free circulation of air? Pour a little ether over the upper 
bulb so as to saturate the muslin, and keep it saturated during the 
experiment. Notice that Ihe thermometer in the bulb shows a fall 
of temperatnire. Shake the ipstlrumen^ occasionally so as to stir the 
lipuid in the bulb, and watch the outer surface of the bulb for the 
first trace of moisture deposited on it. This will be most easily 
detected by looking at the image if> an object seen by Reflection is 
the silvered or gilded surface. When the first trace of moisture 
appears, the image will becomr dim. Resftl immediately the tem- 
peratures on the inside^nd outside thermometers. 

Allow the ether q|i the muslin //O^ evaporate cotnfAetely. The 
temperature of the* hygrometer will tlBen rise slowly. Shake the 
instrument at intervals so as to stir the liquid in the bulb, and 
Vatch the instant when the film of moisture on* the bulb disappears. * 
Read immediately both thermometers. * 

, cTake the* means of the readings of each thernometer. That for' 
the inner thermometer is^the Dew Point. Correct thQse of tlfe outer 
one if necessary, and find from tables of tfie saturation ^praseuije of 
water vapour at different teraperafures, the pressures corresponding 
to the Dew Point found, anePto the corrected temperature otthe air. 

Since the amount of va^^ur present at the Ihtter tjpmperature was 
sufficient saturate the air at the observed Dew Point, the relative 
humidity or fractional saturation 4s equal to«.the quotient of the 
former of these pressures by iSie latter. 

Record as follows 
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Daniell Hygrometer B. 

Readings of thewyometers after standing in^room. 

Inside 19‘2°C. ^ 

Outside 18‘8°C. . *. Correction to outsida re^ings*=: '4°C. 
Readings for Dew Point. i . 

• • ^ Vayour procure. 

Inside . . 12 '4® 12*6® mean 12 5 r08 cms.jpiercury 

Outside . 17 4 17*4 „ ir4* 

Correction .• ,, *4 ^ * 

118 1-44 „ 

. Relative Humility or 1 1*08 • * 

Fractional Saturation f 
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We propose in this a 4 )pendix to give some information which we 
hoj^e will prove useful to teachers. • 

Student*, ^en cnterin^a Physical Laboratory, require some in- 
struction concerning their note-books and the proper treatment of 
apparatus. •IJJie folloitving regulations, which are issued to the 
students of the University a|i the beginning of each session, may 
serve as a guide to the teacher. 

* f 

RB(JULATIONS 

I. Each student should provide himself with two note-book^. 

(1) A note-book in whiclj to record observations as they 

are taken and to make rough calculrftions. This 
must be availa^fle for insp^tion when required. No 
observations are to be taken, or calculations made, 
on Iqpse sheets of paper. ^ , 

(2) A not«'book in which to v^rite out carefully the method 

• of working and the results obtained. Alternate 
pages of this book should be divided into s'^uares.^ « 

II. He should also be provided vv^th the following drawing 
instpuments pen and pencil compass, spring bow dividers, 
boxv^ood rulc,*'ha^ng diagonal and protractcp: scales, a six- 

inch steel rule divMcd into millimetres and inches., . » • 

• 

III. Each student re^onsible for the apparatus he is 
using, and aM pieces^f apparatus must at the end pf the class 
be left in the same condition, and in tli|) san|3 place, in which 

the5 Vere found. ^ 

• ¥ 

-f- 

^ For theoabe^f uniformity it iS desirabib that note-bcwks of the’ 
same kind should be used by students. 
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IV. Each piece of apparatus is numbered, and stu(3^nts must 
enter in their notesl^pok the number of each* piece they use. 
Students failing to ftompl^ with this Regul&tion are liable be 
made responsible for any damage which va^not be traced to its 
author. • \ • 

y. Students ^e not allowed to leave aT| exercise and proceed 
to another, until their work has been^fc|ind satisfactory and 
approved. A description of the approvecL exercise ^and results 
should then bd written in the second or prl||^cipah note-book. 

VI; The principal note-book of each student will bo examined 
from l^me to time, and the character of the records made it 
will be taken into* account in makii^g out the cljiss^list at the 
end of the course. 

The exercises described in this Holumo neec^not nect^^rily be per- 
formed ini the order in which they^ are given, #,nd by* judicious 
arrangement, a considerable saving in apparatus may be effected. 
Thus it will be found possible, with the Ijplp ol five or six sets of 
apparsj^us, to teach thirty students, by having fiviJ or six different 
experiments going during each lesson. *The principal difficulty will 
be found at the beginning of the session, when all students start from 
the same level. If, hdV^ever, they possess, as they should do upon 
entering on <a Laboi’atory Cours'b, some knowledge of Theoretical 
Mechanics, the exercises in Part II. may be taken in almost any order. 
After a few weeks, as some of the stifdents will have had to repeat 

I the exercises, and others will have gone ilhd&d quickly, they will 
be separated lufficiently* to allow* the exercises *t^ be taken in the 

* order given. 

In order that this separation of students should nob become too 

• great, some of the more difficult exercises may be omitted by those 
who have fallen behind, ft is better for a weak student to ]?e made 
t6 repeat the same dxercise until he has mastered % thfeh for hinf 
to be allowed t(* perform experiments he dots nob understand. 

TocndMejyie teacher to arrange the work of the class satisfactorily, 
he should keep a clear record oiiwha^ each student has done. 
The following method has proved satisfactory. • 

The names of«the §tudents are enterecl in a column at the left 
hand of a sfieet of paper ^uled in columns, each of which’Vefers to 
a meeting of the class# Each stffdent^thus has •a square assigned 
to him for ei\ich date o# meeting*, and in this square tbe number of 
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‘the section of the book at whieh he happens to be working, is 
entered. When a studBnt has performed^tpi exercise, and his result 
hac, 6cen considered sat isfactory, the^ sign.i is entered in the square 
above the nifmber of /'he section. When the experiments and the 
results have been wti/ucn out neatly in the jiote-book, and have been 
approved and^ initia/led by the teacher, d vertical stroke is added, 
and the rewiltiiig sign + above the number of the section indicates 
that the exercise is ’co'VTiplete. The following table will show the 
appearance* oj such a “Work Sheet.” Reference to rit will show 
at once that student A has completed sections 6 and 7, that he 
has performed the exeroises of sections 5 and 8 satisfactorily, but 
’ iS not yet ^ shown the results written ou/. in proper ‘form, and 
lat he wrfs al«ent on October 30. 


Name. 

f 1 

, October 

2 

9 16 

23 

30. 


1 j. 
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SECTION I 

* 

Teachers will find it Useful fo get sUidentsKO practice sub-di#i4ion 
by eye estimate, and the following method ™y^ be atfopted. Rule 
on paper a number of Imes beginning andlending ^larply, and 
varying in length fi*bm about 5 mins, to abou1l3 cms^ Then*place a 
sharp mark at random on each line, and let Uifjstudents esHiinate the 
distance of the mark from one end of the line, ti tenths of the whole 
leflgWi. Tfie estimate may then be verified b Adirect measurement. 

SECTION V.— The Vernier 

Both * A ’ and ‘ B ’ sc ales and vemiAs are markfid •n the same 
liiece of aj^paratus, the distance apart of the divisions of each scale 
being I cm. The ‘ A ’ and ‘ B ’ observations thereflBi'b ^heck each 
other. * 

As an additional exercise the volume ^of thg block of wood may 
be calculated. 

SECTION VI.— Tlje Spherometer and Screw Gauge 

A spherejmeter «vitli its IcgaP about 4 cms. apart, and a screw 
gauge capable of measuring up to 1 *5 or 2 cms. , are sufficient. 

• • 

SECTION VII. -The Lawo? Moments 

• . . . t 

^ The prices given on paga 23? include separf^e supports for the 
apparatus required in Sections VII., VIII., and XIIJ. The fittings 
•of the laboratory benches may enable these separate stands to b® 
dispensed with ; but thwe is an advantage in having each iifstru- 
• ment portable an<J complete in itself. The discs are 26 cms. in 
diame^r. The pegs should project just sufficiently froVi the discs 
to yrey^t the striifgs fimehing the discs. \ 

• SECTION VIII. -Th^ Pendulum 
• • • • 

Bobs oidiffft’cnttnaterials may be taken, in order to prove that 

the value of g obtained is inde^ndent of the material of^the bob. 

If there is no clock with a seqpnd8'hanc> in the class-room, 
watches suitable foi^ th^ expiriment may be obtaiived at a cost of 
2s. fid.^or 2s. 9rf, • • - 
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' ^ SECTION IX. -The Hydrometer 

The hydrometer whio’i haa been |oun&^moat suitable for the 
pur^cfee, has ,a total r^eight of 55 grs. The hollow cylinder, 
whioli serves as a ^ojr^ has a length of 9 cins., a diameter of 
2*8 cins.^. and is madePof thin sheet brass, t ^ 

The glass jar«has a^height of 33 cms. , a diameter of 6 or 7 cms. , 
and is filled ^ith the! liquid to such a level that when the hydro- 
meter sinks ^t rests oP the bottom of the jar befqj'e thq. upper p^in 
, touches the surface o(|fthe liquid. 

^ Students sometimes gep into difficulties by not placing the weights 
sym<petrically in the pan. The hydrometer will then lean over, 
and the frictioq against the rides of the jar wi^l make the weighings 
unreliable. ‘ ^ 

, .SECTIQN X.— The Balances I 

c 

The balance is oi brass and has arms about 15 cms. long. It will 
carry about 200 grams, and is sensitive to half a centigram. 

* SECTION XL— The Balance. II 
‘A piece of wood soaked in melted para^n is convenient fofi* 
Exercise III. , 


SECTION XII. 7 -The Barometer 

This section has beec. aided because many laboratories are pro- 
vided with a good barometer, and it is usef&l to mtEdical students 
and others to be able to read such an Instrument. The seCtioA, 
may, however, be omitted where a suitable barometer is not avail- 
able.^ A very simple instrument, which may easily be made in the 
laboratory, will be sufficient for the purposes of Section XV. 

SEibTl&N XIII.— Blasticlty 

Round vulcanised rubber chord about 5 mms. diametef are suit- 
able. The common hexagbnal iron weights are quite accurate 
enough for this exdtcise. t ^ 

If note-l^ooks with pages ruled in squares are used, ^he curves 
may be d&wn in the note-book. <;f)therwi8e, ^urve paper may be 
obtained from any large statidaer. 
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SECTION XIV. -Boyle'S Law 

Care should be takey^that the indiaru|jber tube is sufficiently 
strong. Otherwise, on iQcreating the pressure ihe indiarubbe^ yill 
expand, and the surface of the mercury in o^\e or othet of the tubes 
may sink out of sight, so that it cannot be rt^ off. Canvas lined 
pump tubing is suitflrfble. * 4 • * * 

SECTION XV.-Freezins and Points 

Psfler scale theiinometers, which are rarely 'jalf a^d(3gree wrong, 
may be obtained at a cost of about Is. from sev*iral firms. 

SECrtON xvL-rOomparison of Thermometers’' 

0 4 

The vessel for heating the water consists of a bras* era, 8 cms. in 
.diameter and 10 cms. deep, standing on three legs at a convenient 
height for* heating with a Bunsen bunier. 0 • j 

The calorimeter in the specific heat exercises is made of thin 
copper, is 5 cms. in diameter and 9 cms. d^ep, and weighs 50 grams. 
It is supported on three cork legs, ii^an outer bra«s vessel 8 cms. in 
diameter and 12 cms. deep. • • 

SECTION^ XVIL-Specifle Heat I 

An exercise may be introduceS here to show the gradual cooling 
of the water in a calorin^ter. For this purpose fill the calorimeter 
to two-thirds its height with water at about 50®, keep the water 
well stirred, and take minute readings 8f t thermometer placed 
in it. • * 

^ SECTION XIX. -Method of Mixtures 

• The tubes A and K? are of brass, A 2 cms. diameter, 16 cms. long, ’ 
K 4 cms. diameter, 18 cmf. long. • 

* It is convenient ito'* determine the specific heat of a^^bod con- 
ductor, 1^0 thabitho body will quickly give |ip i^ heit tcf the water 
in the eaicijmeter. *Me&.l borings or tumAigs are suitable, but we 
have founcf marble to answer be^ on the whole. $mall pieces of 
quartz which are unsuitable for opticaf purposes, and therefore of 
no value, may ^ily^fie obtained and u^bd for tYie purpose. It is 
an advantaf;e occasionally to vary the substance used. 

As another exercise^the specifiifheat of a liquid^may be determined 
by heating a solid of J^nown specific ffeat, and plunging it into the 
liquid. . ’ * '• * 
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SECTION XX.— Latent Heats 

^ r 

It(j|i only with some n Visitation thatawe iptroduce the exercise on 
the latent heaft of steani, as a simple apparatus does not give very 
satisfactory results. ^ / The arrangement recommended has been 
adopted ‘^f ter carefull^^^ trying all the metfiiods aisually given, and 
finding th^mr unsatis&ctory. The condenser here introduced has 
the additional advanjfi^ that the latent heats of the vapours of 
other liquids^ e^g. alcohol and benzene, may be fomid with the ^me 
capparatus. It is ma^e of thin sheet brass and thin brass tubing. 

d 

SECTIO;^ XXI.-Melting and Boi?ing Points 

' O *' 

Naphthalene lias b^.en chosen for the determination of the melting 
point, wax an^l^paraffin,; generally itsed for this purpose, not having 
definite ineRing pa nts. , 

Alcohol is not suitable for the determination of the boiling point, 
as it absorbs moisthre, smd boils at temperatures which differ 
according tp the amount of wat«r present. 

' SECTION XXII.— Reflection 

C I 

Strips of mirror glass 5 cms. loAg and 1 cm.' broad answer the 
purpose. The sighting rod consists of two needles soldered into a 
brass wire about 14 cms. long. 


SEpilON XXIII.— Rflfractioii ‘ 

The cubes used in this exercise, as well as the prismsi^iised in 
*feection XXVIII. , may be obtained from most dealers. The edges 
of the cubes are 4 '5 cms. long, and parallel to one edge and 1 cm. 
c f^pm it is scratched with a diamond. ' < 

SECTION XXV*.— Lenses and Mirrors, cti. " " 

The convex Idns used is the orfilnary 3 in. focus circular doublt 
convex lens, and tK*e concaye lens the ordinary 6 in. circulcr double 
concave lens of the spectacle makers. The mirrors &re of diameter 
2 and foca^ength 3 or 4 inches. ^ 

- 

, SECTION XXVl.-Lenses.^ III. » 

^ ^ 4 

The lens is the 3 inv focus double convex leiis, and the mirror 
of 3 or 4 in. focus. 
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SECTION XXVIII. -Reft-active Index of a Glaefi Prism* 

The lenses of colliina4«r and sighting tfoard ate the ordinary 
5 in. focus circular doubfe convex lenses. ^\he prism is 4 cms. %ng 
and each edge of the base is 2*5 cms. ^ * 

SECTIQNS'XXIX and XXX. A Vision-' , 

These Sections arc somewhat more advancedt and n)ay be omitted 
by many students. They are introduced chieiTy for tl #0 benefit of 
medical students. The method, though simpl^ gives gpod results, 
espi©cMilly for the near points. Teachers will p pbabljr be surprised 
to find how many students are short-sighted without knowing it, 
and in how many cases the left eye differs (ionsiderably from the 
right eye. When theo teacher can spair^ sufficient ftinys to cfleck 
the numbers, it will be of great interest to k^ep se record of the 
results obtained in Exercise I. of ^Section XJCX. Thejiuthors will 
be glad to-receive the statistics, whe^ a sufficient* number of eyes 
have been examined. 

SECTION XXXI.-The Sonometer 

The Equations given in this and other exercises should^ of course 
be explained to the students in lectures. No. 28 S. W.G. pianoforte 
wiFe is used on the s(^ometers, which have their bridges abpu^ 
50 cms. apart. Tuning Iforks m^ be obtained from musical instru- 
ment dealers^ or from any manufacturer, e.g. Messrs. Valentine and 
Carr, !^owden Street, Sheffield. » 

» SECTION XXXII.— Resoniince 

A paper tube fdiding along a^vcM^tical glass tul^e.^or one brass tube 
sliding within another, mak-e §ood resonators.' 9 

SECTION .XXXIV. -Magnetic Forces 

The magnets used in mapping the lines of force are 10 cms. long, 
1*2 broad, and '5 thick. The compass is the small * oharm cdknpass a 
of the sh^ps.^ a % 

Foi:^comgari86h with thfe lines of force duetto a magnet, the lines 
due to two feilike poles should bj drawn and suspended in the 
laborator^r. See J. J. Thomson’s Electricity^ p. ^1, or Maxwell’s 
Electricity i. p. 17Q. ^ 

SECTION *XXXV.— Magnetic Survey S 
The circular box of tjie magnetoiAeter is 13 ems^ in diameter, and 
the suspending fibre 18(pms. lon^^ ° 

R 
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‘ • A plan of the laboratory ehoiild be drawn, and the points at which 
the observationSfare to te made, indicate^^con it. If the direction 
andfVi tensity of the Jor® at one point be g’ven, they can from the 
observations be found the other pCints. 

, seCTION^XXVl.-Magne^;ic jfields 

To support fthc vferating magnet which is about 6 cm. long, 
form a double loop atit|;e end of the fibre, by doubling it back on 
itself twice, tand tyi| g a knot at the point where the single and 
^ the quadrupled fibres) join. 

SECTION XXXVII -Action of Currents 
OMinary insulated wire sold in coils as electric bell wire 
makes very*g6ipd connectihg wire. The compass is that used in 
Section XXXIV. ‘ ^ 

Connectftirs ittjr ^joining the ends of two wires together may be* 
obtained from any electrical screw and terminal maker. 

SECTION XXKVIir.— Voltaic Cell and Tangent 
• Galvanometer 

t S ( 

Leclanche cells, size No. b, with thb carbon enclosed in a porous 
^t, and with an internal resistance of a|)out 2 olims, are m6st 
suitable. The tangent galvanometer has a oicil of S cms. diameter, 
and a suspension 16 cms. long. ' ‘ 

SECTION XXXTX.-^WheatstJbne’s Bridge 
The wire of the bri&gd is 50 cms. long. ^ ' 

The wires, the specific resistanegs^of the» materials of which arc 
determined iq this exercise, may be obtained as follows : — ^ 

Copper : Mr. Wm. Rickard, Ashbourne Road Mills, IXrby. 

Iron : Sold in bobbins as binding wire by ironmongers. 

Platipoid ; The London Electric Wire Co. , Playhouse Yard* 
*tiOndon.‘f c ^ . 

" SECTION XLI.— Blectroljrsis, 

This exercise may be omitted by the more element^ j students, 
or where no suitable battery is available. 

By connecting* the storage cell so that the oxygen (ia* collected 
in the closed tube, an additional exercise m&v be made. 

Simple experiments on electroVnagnetic induction may be carried 
out with an astatic galvanometer, a few turafiof wire,.^nd a magnet. 

^ t 
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The apparatus required for this volume can be supplied by Mr. 
George Cussons, Technioal Works, Broughton, Manchester, and 
London. Some of it iflr, however, of such i a lAmple nature tMit it 
could be made by any local worker in woodt^M metal. 

If supplied in sets, tiie cost is approximately as follows : — 

• • • *£ s. cf. 

Mechanics I. .*,f500 

This includes : Vernier models, slidini^ callipers, 
small brass cylinder, glass scale* and plate, 
pendulum and stand, hydrometer with jar a^id box of 
weights, balance, largo brass cylinder, cdh and sinker ; 
elasticity apparatus, with stand complete, and appa^tus 
for Boyle’s law. * • • 

, Heal • - .^•.110 

Apparatus for boiling points, freezing points,* speciric 
heat, latent heat, and melting and boiling points. 

Light • * . . 0 15 0 

Drawing table on folding legs, onipor and support) 
sighting rod, glass scale, gfass cube, lenses, slit, stops 
atid screens, and apparatus required for Section XXX. * 

Sound' . .• 0 12 6 

Sonometer, two tuning forks, and resonance tube. 

Magnetism * . . . .16 0 

Magnets, ^pagnetoscope, steel and iron Vift. magneto- 
meter, and vibtation cAn. • * 

Current Electricity *.390 

* Compass needle and stand, tangent and astatic galvano- * 

meters, one 2 ohm an(k one 1 ohm resistance coil, 

Leclanch^ cell, Whetstone bridge and resistances, poten- ^ • ■ 

tiometej, small storage cell (9«. ) ^ • 

Mec{rostatiQS *. ! *. . . . * . . . 0 12 6 

Electroscope, electrophorous, j^lk, flannel, and • fur 
rubbers, ^ebonite, can, and condenser plAes. « 

Total ..• • . £12 16 6 

R 2 . 
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«■; 

nS 


n 

61 , 

2601 

7-14 

*01961 

62 * 

2704 

2^9 

7-21 

*01923 


7-28 

*01887 

54 

2916 

7-35 

*01852 

56 

3025 

7*42 

■01818 

56 

3136 

7-48 

■01786 

57 

3249* 

7-55 

*01754 

58 

3364 

7*62 

*0;724 

59 

3481 

7*68 

*01695 

60 

3600 

7-75 

*01667 

61 

3721 

7-81 

•01639 

62 

'3844 

7-87 

*01613 

63 

3969 

7-94 

*01587 

64 

4096 

8-00 

*01663 

65 

4225 

8-06 

*01538 

66 

4356 

8-12 

*01515 

67 

4489 

8-19 

*01493 

68 

4624 

8-25 

*01471 

69 

4761 

8*31 

•01449 

70 

4900 

8-37 

•0,1429 

71 

5041 

8-43 

*01408 

72 

5184 

8-49 

*01389 

73 

5329 

8-54 

•01370 j 

74 

» 5476 

8-60 

*01351 

75 

' • 5625 

8-66 

*01333 

76 

5776 

8-7*2 

*01816 

n. 

78 

6929 

8-7^ 

*01299 

6084 

8-83 

*01282 

79 

6241 

8-89 

*01266 

80 

6400 

8’,94 

•01250 

81 

. 6561 

9^00 

*01236 

82 

6724 

9-06 

•01220» 

88 

6889 

911 

*01205 

84 

7056 

9-17 

; *01190 , 

85 

C225 

9-22 

•01176 

8t 

7396 

9-27 

•01163 

87 

7569 

9 ‘33 

•01149 

88 

c 7714 

9-38 

•01136 

89 

7921 

9*43 

, -01124 

90< 

tlioo 

^3-49 

' *01111 

91 

8281 

9r-i' ' 

*01099 

92 

8464 

9-59 

•01087 

93 

8649 

9'64 

•01075 

' 94 

8836 

9-70 g 

:: -01064 

95 

• 9025 

9-75 

•01053 

96 

i. t 

9216 

9*86 

•01042 

97 

9409 

9*85 

•01031 

98 

•9604 

9*90 

•01020 

99 

1^ 

r 9801 

Moooo 

o 

9*95 

10*00 

•OlOlO 

•01000 
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,r = 3-1416. 



iri = 9-870. 


Angle. 

• 

• Sine. 

T^^ent. 

46* 

fp 

0-719 

*1-036 

47 

-731 • 

, 1-072 

48 

•743 

1-111 

49 * 

•7^5 

1-1.50 

60* 

•766« 

1-192 

51 

•777* 

1-235 

52 

^ -^8 

1-280 

5.3 

• -799 

1-327 < 

.54 

•809 

1-376 

55 

•819 

1-428 

56 


f483 

57 

%39 

1-540 

58 

•848 

1-600 

59« 


1-664 

60 

* 

• %66 • 

1-732 

61 

•875 

1-804 

63 

•883 

1-881 

^ -891 

1-963 

64 

• -899 

2-060 

' 65 

•906 

2-145 

66 

•914 

2-24f 

67 

•921 

2:366 

68 

•927 

7475 

69 

•934 

2-605 

70 

•940 

2-747 

71 

•946 

2 904 

C2 

•951 

3-078 

73 

•956 

3-271 

74 

•961 

3-487 

75 

•966 1 

3-732 

76 

• 

•970 

4-011 , 

77 

•974 

4-331 

78 

•978 

4^05 

79 

•982 

6-145 

80 

•985 

• 

• 5-671, » 

m 

* *988 

6-314 

8f 

•990 

7-115 

S3 

•993 

8-144 

84 

‘995 

9-514 

• 85 

•996 

11-43 

* 86 

•998 

14-8 

87 

•999 

19-1 

88 

•999 

2^-6 

» 89 

, 1-000 

67-3 

< 90* 

1-000 

00 
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Aberration, chromatic, 135 
spherical, 135 
Amp^r^, 198 . 

Angle of prism, measurement 
of, 149 

Apparatus, cost of, 243 
Apparent size of object seen 
direct, 151 
^ Approximations, 15 
Arithmetical calcuUtions, 9 
Astatic galvanoma^f, 207 
Astigmatfc eyes, *152 
Axis of Ions, 125 


Balance, 49 • 

rsCtio of arms of, 52 
Barometer, 59 

corrections for gr^ity an^ 
capillarity^ ^ 
corrections for temperature, 
62 • 

• verA^r^ 33 

Boiling point on thermometerq® 
determine, 79 
chcJnge due to pressure, 81 
of ^rb8n tetrachloride, 
111 

Boyle’s law, 70 * 

Brass, specific gravid of, 56 • 
density, 56 • 


Caiipers, 31 
Calorimedbr, 88 

d;^inen^or|) dL 239 

* Capacity, mectrostatic, defined, 

227 

Carj^n tetrachloride, boiling 
point of, 111 

* (fell, voltaic, 195 • 

Chromatic aberration, 135 
Collimator, 148 • 

Condenser, electrostatic, ^7 
Conductance defined, 204 

of conductors in series or 
in parallel, 205 

Constriction, geometrical, for 
rejracted ray, 123 
for im^e formed by lens, 130 
for ray passing through 
prism, 145 ^ 

Constructions, graphical, .18 
Convergence of a pencil of light 
defined, 127 » 
Converging leifses,fl25 
Converging power of lens, 128 
Cooling.correction, 106 

* Criticed angle, J24 
Current, elgctric, unit of, 198 
Currents, electric, action on 

magnets, 19^ 

compared by itangent gal- 
van 4 )meter, 198 

Currents, jlectric, measured by 
^ watef vohameter, 214 
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^ Curvature,, radius of, by sphero- 
meter, 36 r 

DensitJ of brass, 56 f 
Deviatioi^ of refracted ray, 144 
measurement of, 149 
minimrrn, ‘i44 
Dew point, 231 * 

Dielectric constant, 227 
Divergence of* pencil of light, 
127 

Diverging lenses, 127 ^ 


Earth, the, a magnet^, 179 
Elastieity, 65* t - ‘ 

Electrification by friction, 219 ‘ 
Electrolysis, 214 
Electromotive force, 199 ' 
comparison of, <211 
Electrophortis, 221 
Electroscope, 220 
Emrietropic eyes, 152 
Errortj, accidental, 7 
systematic, 8 

Estimate of sub-divisions by eye, 
5, 237 

Eye, far and near pointi, 162 
determination of,( 156 
Expansion coeiiicieirt of gas, 230 


Field* of magnetic force defined, 

.184 

< intensiV determined, 191 
product by efectri/* cur- 
rents, 196 

Focal length of convex lenses, 
determination of, 133 1 
concave lensei^, deternjma- 
tion of, 136 
mirror^, 137 

Focus defined, 126 ; < ^ 

Force, lines of ma^etio, 185 <- 
Fractional satvratiJii, 231 


Frequency of vibration 
defined, 165 
f dete^’mined, 167 
Freezing point,determination of, 
77 


Galvanometer, astatic, 207 
tangent, 198 

Gas, expansion coefficient of, 
230 ^ ^ • 

Glass, specific gravity of, 47 
Graphical construction, 18 
for refracted ray, 123 
for inn? ge formed by a lens, 
130 

ray passing through prism, 
145 

Gravitational acceleration, deter- 
mination of, 43 


Hooke’s law, 65 

Horizontal force, earth’s mag- 
netic, determined, 191 
Humidity^ 231 
Hydronietel, 46 

dimensions of, 238 
Hygrometer, 231 
Hypermetropic eyes, 152 


Images, formation by reflection, 
* 115 


Induction): electro8tatic,^221 
magnetic, 179 
Instructions, 3 

Internal resistance of cell, deter- 
mine !>iin of, 200 


Latent heat bf watey., ’03 
steam, 104 ' 

Length, relation between Eng- 
lish and metric ^ffieasures 
of, 2h , 

Lenses, 125, 240 
Line of torti, magnetic, 185 
^ electrostatic, 224 
Long sight/' 152 
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Magnet, simple, defined, 181 
Magnetic bodies define^ 180 
field due to electric curreiits, 
196 . 

induction, 179 

meridian, 182 • ^ 

moment, 189 * • 

survey of laboratory, 186 
Magnetisation, 177 
Magnetometer, 186 
Magaetoscope, 1^77 
Magnifying power of lens de- 
nned, 154 
determined, 158 
of telescope, 161 
Mass, relation between English 
“ and metric measures of, 2$ 
Melting point of naphthalene 
determined, 109 

Minimum deviation of ray re- 
fracted through a prism 
• explained, 144 
determined, 149 
JVIirrors, plane, 115 
spherical, 132, 1^ 

Moments, law of, ^ 
magnetic, 189 
Multiple circuits, 20 • 

Multiplication, shortened, 10 

Negative elfectricity, ^22 
Note books, 4, 234 

3 

*Ohm, t1ie unit of r^istance, 202 
Ohm’s law, 199 

’ Parallax, 6 • * . 

Parallax method of finding the 
*, position of aai image, 117 
Parallel cfenection of cells, 203 
Paramagnetic bodies defined, 180. ^ 
Penduk^, 42 
Poles, magnetic, 18> 

Positive dectrTcity, 222 
Potential, electric, ^3 j 

variation near a charged 
conductor, 2aS ’ 


Power of lens, 128 , 

combination of lenses, 136 
Prism, refractlbn through, 142 
Prisms, wMfere to obtain, j 

^ Record of %ye tests^241 

work done by students, 235 
Reflection, plane^ 115 
Refraction, plane, 4 ft 
• through prisni. 142 
Refractive indes^ 120 
dctcrnAiation of, 147 
Regulations, 234 
Repetition of observations, 9 
Re^stance, internal and external, 
^ defined, 199* 
of cell*determined, 200 
of wire ^etfirih^ed, 208 
^lesonance tube, 171 
Resultant^agnetic force, 183 
Retemtiveness, magnetic, 179 
• 

Satt solution, specific gravity of, 
48 

Screw gauge, 37 •* 

Scries, cells connected in, ^02 
Short sight, 152 
Shortened multiplication, 10 
afighting method, of finding the 
• position of image formed 
by ieflection, 116, 137 
by refraction, 121 
by lens, 138» 

Simple magnets defined, 181 
Sizes of object and image, J38 
Snell’s law, 120 
Sonometer, 165 • 

Soun^ velicitjf of, 571 
SpeciSc gravity of a solid deter- 
mined, 46, 55 
glass determined, 47 
^ liquids determined, 47, 57 
S^ific heat of liquid, 239 

heats, methods ^f mixture, 

4 98 • 

f^herical aberration, 135 
SpherometctfT^ 34 ^ 
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^St^am, latei)Jb heat of, 104 
Stops, use of, 135 r 
Surface, relation bet^^een Eng- 
and metric measures 
oi, 24 c 

Survey, magnetic, 186 
Susceptibility, magnetic, 179 

Tangent galvanometer, 198 
Telescope, maghifying power, 
*161 ’ 

Tension along lines of I'orce, 
J85 

Thermal caparitj', defined, 92{ 
Thermometers, changf? of zero, 
87 . , 

comparisbn, ^3 - ! 

Thermometers, determination of 
boiling point, 7^ 
freezing point, 77 
errors of,^ ,84 
Total reflection, 124 
Tan*ng fork, determination of 
® frequency, 167 


Unit of current, 198 

electee resistance, 202 
relectr'^motive force, 199 
Units, 22 

^/elocity cf sound, 171 
Vernier, "simpfe, 29 
barometer, 33 
circular, 33 

Vibration of strings, 165 
Vision, 151 
Volt, 199 
Voltameter, 215 

Water equivalent, definition of, 
92 

of calorimeter determined, 
94 

of thermometer detehnined, 
96 

Water, latent heat of, 102 
Weights, use of, 51 
Wheatstone bridge, 206 
Wort sheet, 236 

Young’s n^Tl^lus, 66 
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